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Unesco faces a heavy responsibility in helping the developing coun- 
tries to improve their science teaching. These countries are aware 
that development depends upon the ability to train large numbers 
of their own people as scientists, engineers and technicians. They 
know, too, that they must bring about a widespread understanding 
of science among the entire population if they are to form a sound 
base for a modern technological society. Yet the very instruments 
with which they must carry out these tasks—their schools, technical 
institutes and universities—are weakened by obsolete practices and 
are overloaded by the vast increases in population and rapid growth 
in scientific knowledge. 

Understandably, many of these countries have placed the highest 
priority upon a thorough modernization of their science education. 
In this work, they are searching for answers to a number of questions 
of central significance to the reorganization of science education 
along contemporary, rational and functional lines: Who should be 
taught? What should be taught? When should it be taught? How 
should it be taught? What balance should be kept between purely 
theoretical training and strictly practical apprenticeship? How much 
oral instruction from the teacher and how much individual study by 
the student is required? What is the role of the small group discus- 
sion, the class-room demonstration, the individual laboratory experi- 
ment, audio-visual aids including television in science education? 
In view of the need for scientific literacy among the entire population 
as a base for a technological society, what form of general science 
teaching can best bring about this widespread understanding of 
science? 

Motivated by the search for answers to such questions, Unesco 
has developed a programme in science teaching whose main objectives 
are the following: (a) to promote the exchange of information on 
the content and methodology of science teaching; (b) to conduct 
experimental projects for developing new science-teaching methods 
and materials; (c) to organize, in collaboration with Member States, 
international post-graduate training programmes and to co-operate 
with Member States in the establishment of advanced training 
centres for scientists, teachers and research workers in developing 
countries; and (d) to stimulate interest in science and science teaching 
and to promote understanding of the impact of science in human 
affairs, by sponsoring lectures by distinguished scientists, and by 
making international awards such as the Kalinga Prize. 

In publishing every two years within the collection “The Teaching 
of Basic Sciences”, a series of volumes on new trends in this field, 
Unesco aims to provide an exchange of information on modern 
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content, approaches, curricula and techniques in the teaching of the 
basic sciences. Each biennial series will consist of four volumes 
entitled New Trends in . .., one on each of the three sciences, 
physics, chemistry and biology, and one on mathematics. 

This first volume, New Trends in Chemistry Teaching has been 
drawn up in close collaboration with the Committee on the Teaching 
of Chemistry of the International Union of Pure and Applied Chem- 
istry. On the recommendation of this committee, Mr. E. Cartmell 
of Southampton University (United Kingdom) was appointed as 
editor. In compiling the *New Trends" he has had the benefit of 
consultation with an editorial board consisting of: Professor P. Cadiot 
(France), Professor J. Arthur Campbell (United States), Dr. D. 
Chisman (United Kingdom), Dr. F. W. Gibbs (United Kingdom). 
Professor M. Oki (Japan) and Professor J. Zyka (Czechoslovakia). 

Together with this editorial board the editor has collected papers 
published in 1964 in the leading science-teaching journals of the 
world and organized them into groups dealing with new developments 
in the class-room presentation of chemistry, new topics for inclusion 
in a modern syllabus of school or college chemistry, new laboratory 
and demonstration experiments, and reports on curriculum reform 
and new approaches to chemistry teaching in countries all over the 
world. Unesco gratefully acknowledges the readiness with which 
editors and publishers of journals have given permission for the 
reproduction of articles. The articles in this first volume have come 
from a limited number of journals, principally those appearing in 
English or French. Special arrangements regarding selection of 
articles and their translation into English and French have recently 
been worked out between Unesco and nations where chemical educa- 
tion journals are not published in English or French, eg. U.S.S.R. 
Japan and the Scandinavian countries. As more of these special 
arrangements are concluded. future issues of *New Trends" will 
carry more contributions to chemistry teaching from these countries, 
ensuring a truly international character to * New Trends". 

This first volume of New Trends in Chemistry Teaching is, in fact, an 
experiment—a first approximation to a useful means for placing 
vital information on chemistry teaching into the hands of as many 
science educators in the developing countries as possible at minimum 
cost and delay. The technical execution of the volume reflects this 
in its unconventional and non-uniform appearance which the editors 
hope the reader finds not too distracting. 

This volume is intended to be used by chemistry teachers in 
universities, teacher-training institutions and secondary 
as well as university students of chemistry, especially those 


schools 
who are 


training to be teachers. But such additional groups of science edu- 
cators as national science teachers associations, science education 
sections of a Ministry of Education, and members of examination 
councils are likely to find information of real interest in this volume. 


TO WHAT USE MIGHT THIS VOLUME BE PUT? 


The contents have been selected to present a picture of areas in which 
chemistry is developing rapidly as well as to describe new teaching 


methods and approaches. Hence it should find use as a source book 
of such information for teachers-in-training and their tutors. It may 
also be used as a source of ideas for the development of new chemistry- 
teaching techniques and curricula. This collection should prove 
helpful to science teachers at all levels who must present new se 
tific knowledge in a manner students find comprehensible. It is 
suggested that * 
seminars on the teaching of chemistry and for refresher courses for 
chemistry teacher: 
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ew Trends” be used as a basis for conducting 


L'Unesco a la lourde respons 
pement à améliorer leur enseignement des s 
que tout progrès dans ce domaine est fonction de la possibilité qu'ils 
auront de former d'importants contingents d'hommes de s 


abilité d'aider les pays en voie de dévelop- 


ences, Ces pays savent 


nce. 
d'ingénieurs et de techniciens. Ils savent aussi qu'il leur faut ouvrir 
toute la population à la science, pour établir les fondements solides 
d'une société technologique moderne. Or, les outils mêmes avec 
lesquels il leur faut mener à bien cette tâche — leurs écoles, instituts 
techniques et universités — n'ont pas l'efficacité voulue en raison 
des méthodes dé 
les événements 


suètes employées. et ils sont d'ailleurs dépass 
forte poussée démographique et l'aceroi 
rapide des connaissances scientifique: 

Aussi nombre de ces pays ont-ils accordé la priorité absolue à la 
modernisation de leur enseignement scientifique. Ce faisant, ils sont 
en quéte de réponses à un certain nombre de questions d'importance 
vitale pour la réorganisation de l'enseignement des sciences selon des 
Qui faut-il instruire? 
Quand. faut-il l'enseigner? Comment. faut-il 
l'enseigner? Quel équilibre faut-il maintenir entre formation 
purement théorique et l'apprentissage strictement pratique? Quelle 
doit étre la part de l'enseignement magistral et quelle doit étre 
celle des études individuelles? Quel doit étre le róle, dans l'enseigne- 
ment des sciences, de la discussion en petits groupes, des applications 
pratiques en classe, du travail de laboratoire individuel, des auxi- 
lia de la télévision? Étant donné la 
nécessité de donner un certain niveau de culture scientifique à la 
population tout entière, pour asseoir la société technologique de 
demain, quelle est la forme d'enseignement scientifique général qui 
donnera à cet égard les meilleurs résultats? 

Cherchant à trouver réponse à toutes ces questions, l'Unesco a 
élaboré un programme d'enseignement des sciences dont les objec 
principaux sont les suivants: a) Favoriser les échanges de renseigne- 
ments sur le contenu et la méthodologie de l'enseignement d 
sciences: b) Réaliser des projets expérimentaux en vue de la mise 
au point de méthodes et de matériels nouveaux pour l'enseignement 
des sciences: c) Organiser, en collaboration avec les Etats membre 
des programmes internationaux. d'études universitaires supérieures 
et coopérer avec les États membres à l'établissement de centres de 
hautes études à l'intention des hommes de science. des enseignants 
et des ehercheurs des pays en voie de développement: d) Stimuler 
l'intérêt porté à la science et à l'enseignement des sciences, et faire 
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. rationnels et. fonctionne 
gner? 


critères moderne: 


Que faut-il ense 


ires audio-visuels y comp: 


mieux comprendre l'influence que la science exerce sur les affaires 
humaines en patronnant des tournées de conférences faites par des 


Avant-propos 


savants éminents et en décernant des prix internationaux comme le 
Prix Kalinga. 

En entreprenant de publier tous les deux ans, au sein de la collec- 
n « L'enseignement des sciences fondamentales », des séries de 
volumes consacrés aux nouvelles tendances de cet enseignement, 
l'Unesco cherche à fournir l'occ: 


sion d'un échange d'informations sur 
le contenu, la conception générale, les programmes et les techniques 
modernes de l'enseignement des sciences fondamentales. 

Chaque série biennale comprendra quatre volumes intitulés Ten- 
dances nouvelles de ... et dont trois seront consacrés chacun à l'une 
des sciences suivantes: physique. chimie, biologie. et le quatrième aux 
thématiques. 


Ce premier volume, Tendances nouvelles de l'enseignement de lu 
chimie. a été établi en étroite collaboration avec le Comité de l'ensei- 
nement de la chimie, de l'Union internationale de chimie pur 
et appliquée. Sur la recommandation de ce comité, M. E. Cartmell. 
de F Université: de Southampton (Royaume-Uni). a été nommé 
rédacteur en chef. Il a bénéficié du concours d'un comité de rédaction 
composé des spécialistes suivants: professeur P. Cadiot (France). 
professeur J. Arthur Campbell (États-Unis), docteur D. Chisman 
(Royaume-Uni) docteur F. W. Gibbs (Royaume-Uni). professeur 
M. Oki (Japon) et professeur J. Zyka (Tchécoslovaquie). 

En coopération avec ce comité, M. Cartmell a réuni des textes 
publiés en 1964 dans les principales revues mond 
des sciences et les a classés 


ales d'enseignement 
eurs rubriques : présentation 
moderne de la chimie en classe : nouveaux sujets à inclure dans un 
programme moderne d'étude de la chimie à l'école ou en faculté: 
nouvelles expériences et manipulations de laboratoire: réforme des 
programmes et nouvelles conceptions de l'enseignement de la chimie 
dans le monde. L'Unesco est heureuse d'exprimer sa reconnaissance 

aux directeurs et éditeurs de revue qui ont bien voulu autoriser la 
reproduction de leurs textes. Les articles de ce premier volume 
sont tirés d'un nombre limité de revues, surtout de langue anglaise 
ou francaise. Des dispositions particulières relatives au choix d'articles 
sur la chimie et à leur traduction en anglais et en francais ont été 
récemment arrêtées entre l'Unesco et les pays qui ne sont ni anglo- 
phones ni francophones, comme l'URSS, le Japon et les pays sean- 


dinaves. Au fur et à mesure que de nouvelles dispositions de ce 
genre seront arrêtées, les tomes suiv 


s nts de cet ouvrage comprendront 
de plus nombreux articles provenant de ces pays et portant 
) sur 


l'enseignement de la chimie, ce qui assurera à la collection un cara 
tère vraiment international. 


Le présent volume est en fait une expérience, la première approxi 
proxi- 


Vil 


mation d’un moyen pratique de fournir des renseignements essentiel- 
sur l’enseignement de la chimie au plus grand nombre possible di 
professeurs de sciences des Pays en voie de développement, à un 
prix et dans des délais minimaux. D'où la présentation technique 
du volume, son aspect inhabituel et son manque d'uniformité qui. 
espérons-le, ne distrairont pas trop l'attention du lecteur. 

Ce volume est destiné aux professeurs de chimie exerçant dans les 
universités, les écoles normales et les établissements secondaires, 
aussi bien qu'aux étudiants en chimie, surtout s'ils se destinent au 
professorat. Mais d'autres collectivités enseignantes telles que les 
associations nationales de professeurs de sciences, les services d'ensei- 
gnement des sciences de ministéres de l'éducation et les membres des 
jurys d'examen y trouveront sans doute des renseignements d'un 
réel intérêt. 


VIII 


* QUELLES FINS UTILISER CE VOLUME? 


Le contenu en a été choisi de facon à présenter une fresque des 
domaines où la chimie progresse à pas rapides, et à décrire les concep- 
tions et méthodes nouvelles d'enseignement. Il devrait donc consti- 
tuer, dans ce domaine, une source utile de renseignements pour le 

étudiants qui se destinent à l'enseignement et pour leurs professeurs. 
On peut aussi y puiser des idées pour la mise au point de techniques 
et de programmes nouveaux pour l'enseignement de la chimie. Cet 
ouvrage devrait étre utile aux Professeurs de sciences à tous les 
niveaux, puisqu'ils doivent présenter les connaissances scientifiques 
nouvelles d'une facon qui soit accessible aux étudiants, On peut enfin 


seurs de chimie. 
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It gives me much pleasure to welcome, on behalf of 
our Committee, this first volume produced by Unesco 
dealing with New Trends in Chemistry Teaching. The 
organizers have been fortunate in being able to secure 
the services of Mr. Edward Cartmell as editor, asis 
evidenced by the excellent choice of articles for this 
first issue, The Committee on the Teaching of Chemis- 
try of the International Union of Pure and Applied 
Chemistry (IUPAC) has, as one of its main aims, the 
provision of advice on modern methods of chemistry 
teaching and it was therefore very happy to collabo- 
rate with Unesco in advising on the choice of an 
editor and in commenting on the nature of the proposed 
annual review and the contents therein. 

The teaching of science has been criticized ever 
since science has been taught but during the past few 
years this criticism has become world-wide and more 
purposeful in its objective. The rapidly increasing 
mass of factual material which is available to the 
teacher of chemistry has focused attention on the 
need for careful selection of the material to be taught 
and on the need for a careful defining of the object- 


Foreword 


ives of teaching chemistry in a modern world. Clearly 
emerging from all of the experimental teaching pro- 
grammes in various countries is the conviction that 
chemistry should be taught so as to develop genuine 
understanding by the pupil, to encourage him to 
inquire for himself and to develop capacity for 
judgement. Chemistry is, of course, concerned with 
the behaviour of substances, and the acquisition of 
a body of fact, obtained by the student as far as pos- 
sible by his own investigations and discovery, is 
absolutely essential. The big challenge to teachers 
is to find the right balance between facts, principles 
and methods of approach by students at various 
levels of development. 

One way in which we can develop our ideas is for 
us to compare and contrast the approaches adopted 
in various countries by colleagues interested in 
similar problems. This collection of excellent arti- 
cles should do much to assist this healthy ex- 
change of modern views for the mutual benefit of 
us all. 


R. 5. Nyholm, F.R.S. 

Chairman, Committee on the Teaching of Chemistry 
of the International Union of Pure and Applied 
Chemistry, 


Section 1 


The article by the Chairman of the IUPAC Commis- 
sion on Atomic Weights, clearly sets out the 
reasons which have led to the adoption of the 
carbon-12 scale, and contains a table of atomic 
weights which readers may find convenient. Curricu- 
lum reform usually begins by introducing modern ideas 
on atomic structure. This is now dealt with in a 
large number of textbooks at all levels. A short ac- 
count will be found in Chapter 4 of Chemistry To- 
day: a Guide for Teachers, OECD, Paris. The 
intelligent student will see diagrams of s, p and a 
orbitals in many textbooks, but he will rarely find a 
description or diagrams of f orbitals, although he 
will hear about these in any comprehensive discus- 
sion of the periodic table. The papers on f orbitals 


Atomic structure 
and the 
periodic table 


reproduced here will give the teacher some material 
with which to answer queries which frequently arise. 
The articles also explain the significance of sub- 
scripts (such as xy in axy) used to designate par- 
ticular a (or f) orbitals, (See also the article by 
Cotton on page 90 for descriptions of a orbitals.) 
Articles on the periodic table are legion. | have se- 
lected one by E. Pachmann et al., which gives some 
useful hints on designing colour codes to highlight 
the changes in particular properties, such as electro- 
negativity, with the position of an element in the 
table. A very helpful article by B. Englund of Uppsala, 
Sweden, on an experimental approach to the periodic 
system will be found in Chapter 3 of the OECD publi- 
cation, Chemistry To-day. 


Reprinted from Chemistry, Vol. 37, No. 3, 1964, pp. 12-17. 


Why the Carbon-12 Scale? 


In 1961 a new table of atomic weights 
was adopted. The-atomic weight of oxy- 
gen, for long assigned the exact value 
of 16, was changed to 15.9994. In the 
new table no element is assigned an in- 
tegral atomic weight. The story of atomic 
weight scales and the reasons for the 
most recent change are outlined by the 
chairman of the Commission on Atomic 
Weights of the International Union of 
Pure and Applied Chemistry. 


hen the atomic theory of the con- 
wW stitution of matter gained general ac- 
ceptance, early in the 19th century, one of the 
important conclusions drawn from it was that 
the masses of all atomic particles of a given 
chemical element are identical and that they 
differ from the atomic masses of all other 
elements. This concept was the keystone in 
the structure of chemistry, then in its be- 
ginnings as a quantitative science, and re- 
mained unchallenged until the existence of 
isotopes was discovered, a hundred years later. 

Let us for the moment imagine ourselves to 
be back in the early 19th century, secure in 
the belief that the atomic masses of the 
elements are constants of nature. We would 
be concerned with two related problems. One 
would be to learn the magnitude of the mass 
of a single atomic particle as a physical quan- 
tity. This problem was not to be solved until 
after the close of the century, a fact that is 
not surprising when we realize that an atom 
of oxygen has a mass of slightly less than 3 x 
10-23 gram. 

An alternative would be to determine the 
masses of atoms of different elements relative 
to one another. The solution to this problem 
was within reach. It was necessary only to draw 
certain logical conclusions from two kinds of 
observations about the proportions in which 
chemical elements react to form compounds. 
One type of observation showed that the re- 
action of two substances to form another sub- 
stance always involved the same proportions 
by weight of the reactants and of the product. 
The other disclosed that reactions between 
gaseous substances always involved simple 


numerical ratios between the volumes of the 
reactants and of the product, if also gascous. 
À necessary proviso was that all volumes were 
measured at the same pressure and at the same 
temperature, The latter kind of observations 
led to Avogadro's hypothesis that equal 
volumes of gases of any kind at the same pres- 
sure and temperature contain equal numbers 
of molecules. If now one determined the rela- 
tive densities of the gascous reactants and prod- 
uct—that is, their weights per unit volume—the 
relative weights of the molecules could be 
readily calculated. When further observations 
led to increasingly firm conclusions about the 
number of atoms that composed the molecules 
of gases, the known relative weights of the 
reacting. molecules were easily converted. to 
relative atomic masses, 

By analogous reasoning it followed that non- 
gaseous substances also could be expected to 
combine in simple numerical ratios of atoms 
and that the relative masses of the reacting 
atoms could be deduced from the observed 
ratios of combining weights. Thus, if it was 
observed that copper reacted with oxygen to 
form two different compounds, the weight of 
oxygen involved in the reactions for a given 
weight of copper would be found to be exactly 
twice as great for one compound as for the 
other. From this it was clear that an element 
could have more than one combining weight 
with another element but, in that case, there 
would be a simple numerical relationship be- 
tween the combining weights. When this was 
confirmed by similar experiments with other 
elements, such as iron or lead, trial assignments 
of molecular formulas could be made. In the 
case of copper the simplest and most plausible 
formulas would be CuO and Cu,O. On this 
basis the relative atomic mass of copper, re- 
ferred to that of oxygen, would be identical 
with the smaller of the two combining weights 
of copper with oxygen. If we measured the 
combining weights with oxygen of a group 
of elements—for example, hydrogen, copper, 
iron, and selenium—and we knew from certain 
other observations that the numbers of atoms 
in the four oxides had the following ratios: 


2H Cu 2Fe Se 

0 O30" and zo: “€ would need only 
to take some arbitrary number as the atomic 
mass of the element (oxygen) which is com. 
mon to all the ratios in order to place the 
atomic masses of. the other elements on a 
common scale, The assigned atomic mass of 


oxygen would be the denominator of that 
scale. 


(Continued on page 15) 
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TABLE OF RELATIVE ATOMIC WEIGHTS 1961 
Based on the Atomic Mass of C1? = 12 


Atomic Atomic 

Name Symbol number Atomic weight Name Symbol number Atomic weight 
Actinium Ac 89 se Osmium Os 76 190.2 
Aluminum Al 13 26.9815 Oxygen [9] 8 15.9994« 
Americium Am 95 ans Palladium Pd 46 106.4 
Antimony Sb 51 121.75 Phosphorus P 15 30.9738 
Argon Ar 18 39.948 Platinum Pt 78 195,09 
Arsenic As 53 74.9216 Plutonium Pu 94 
Astatine At 85 pre. Polonium Po 84 sta 
Barium Ba 56 137.34 Potassium K 19 39.102 
Berkelium Bk 97 ass Praseodymium Pr 59 140.907 
Beryllium Be 4 9.0122 Promethium Pm 61 
Bismuth Bi 83 208.980 Protactinium Pa 91 
Boron B 5 10.811« Radium Ra 88 
Bromine Br 35 79.909* Radon Rn 86 
Cadmium Cd 48 112.40 Rhenium Re 75 186.2 
Calcium Ca 20 40.08 Rhodium Rh 45 102.905 
Californium cr 98 Rubidium Rb 37 85.47 
Carbon [e] 6 Ruthenium Ru 44 101.07 
Cerium Ce 58 Samarium Sm 62 150.35 
Cesium Cs 55 Scandium Se 21 44.956 
Chlorine QI 17 Selenium Se 34 78.96 
Chromium Cr 24 Silicon Si 14 28.086« 
Cobalt Co 27 58.9332 Silver Ag 47 107.870^ 
Copper Cu 29 63.54 Sodium Na 11 22.9898 
Curium Cm 96 e Strontium Sr 38 87.62 
Dysprosium Dy 66 162.50 Sulfur S 16 32.064 
Einsteinium Es 99 ee Tantalum Ta 73 180.948 
Erbium Er 68 167.26 Technetium Te 43 da 
Europium Eu 63 151.96 Tellurium Te 52 127.60 
Fermium Fm 100 sen Terbium Tb 65 158.924 
Fluorine F 9 18.9984 Thallium TI 81 204.37 
Francium Fr 87 ee Thorium Th 90 232.038 
Gadolinium Gd 64 157.25 Thulium Tm 69 168.934 
Gallium Ga 31 69.72 Tin Sn 50 118.69 
Germanium Ge 32 72.59 Titanium Ti 22 47.90 
Gold Au 79 196.967 Tungsten w 74 183.85 
Hafnium Hf 72 178.49 Uranium U 92 238 03 
Helium He 2 4.0026 Vanadium v 23 50 942 
Holmium Ho 67 164.930 Xenon Xe 54 131.30 
Hydrogen H 1 1.00797 Ytterbium Yb 70 173.04 
Indium In 49 114.82 Yurium y 39 88.905 
Iodine 1 53 126.9044 Zinc Zn 30 65.37 
Iridium Ir 77 192.2 Zirconium Zr 40 91.22 
Tron Fe 26 55.8475 " " " 
Krypton Kr 56 83.80 * Atomic weights so designated are known to be 
Tantana bs 57 138.91 variable because of natural variations in isotopic com- 
tie Pb 82 207.19 position. The observed ranges are: 
Lithium Li 3 6.939 Boron 40.003 
Lutetium Lu 71 174.97 Carbon +0,00005 
Magnesium Mg 12 24.312 Hydrogen 4-0.00001 
Manganese Mn 25 54.9580 Oxygen En ft 
Mendelevium Md 101 55s Silicon 0,001 
Mercury Hg 80 200.59 Sulfur 3.0.65 
Molybdenum Mo 42 95.94 
Neodymium Nd 60 144.24 è Atomic weights so designated are believed to have 
Neon Ne 10 20.183 the following experimental uncertainties: 
Neptunium Np 93 aws Chlorine +0.001 
Nickel Ni 28 58.71 Chromium +0.001 
Niobium Nb 41 92.906 Iron 40.003 
Nitrogen N 7 14.0067 Bromine +0 002 
Nobelium No 102 Silver 10,003 


Since we are dealing only with relative 
atomic masses, it does not matter what num- 
ber is arbitrarily assigned as the denominator. 
Berzelius, one of the early and great systema- 
tizers of the new quantitative chemistry, as- 
signed 100 as the relative atomic mass of oxy- 
gen and used this number as the denominator 
by which all other atomic masses were de- 
fined. Others, observing that hydrogen had 
the smallest relative atomic mass, considered 
it logical to give an assigned atomic mass of 
unity to that element. The hypothesis of Prout 
(1815) that the atom of hydrogen was the 
structural unit of the atoms of all the ele- 
ments gave support to this idea. On this ba- 
sis all atomic masses should be whole num- 
bers. As we know, the atomic masses of a num- 
ber of common elements approximate whole 
numbers, if referred to that of hydrogen as 
unity. Of course many others do not, and a 
long time passed before the reason for this 
apparent discrepancy was understood. 

The fact that combining weights of elements 
with oxygen were more easily measured than 
those with hydrogen caused a return to the 
Berzelius idea of using oxygen as the reference 
element for a scale of atomic masses, but with 
an assigned value of 16 instead of 100. This 
kept the atomic mass of hydrogen at approxi- 
mately 1 (actually 1.008) but got around the 
experimental difficulties of measurements that 
involved hydrogen. For some years in the early 
1900's it was common practice to publish the 
results of atomic mass determinations on both 
bases. Text and reference books of that pe- 
riod commonly contained two “Tables of 
Atomic Weights,” one headed H=1 and the 


other headed O=16. Gradually the hydrogen- 
based scale fell into disuse. 


Indirect Atomic Mass Comparisons 


It should be clear from what has been said 
that it was not necessary to determine atomic 
masses by direct comparison with oxygen. 
Other combining weight ratios would answer 
provided the atomic masses of at least one of 
the elements involved had been accurately re- 
lated to that of oxygen. In fact, much of the 
most accurate work on the measurement of 
atomic ma: in the first quarter of the pres- 
ent century was done by measuring the weight 
of the chloride (or bromide) of an element 
that reacted quantitatively with a known 
weight of silver to form silver chloride (or 
bromide). A classical determination of this 
kind was used to derive the atomic mass of 
sodium from the exact weight of sodium chlo- 


ride required to precipitate all of a known 
weight of silver from its solution in nitric acid. 
The ratio of the reacting weights of the two 
substances is equal to the ratio of the molec- 
ular mass of sodium chloride to the atomic 
mass (At. mass) of silver. The equation is 


Wt. of NaCl 


At. mass of Na + At. mass of Cl 
"Wt of Ag 


"At mass of Ag 


(1) 

This equation can be solved for the atomic 
mass of sodium only with the help of other 
equations that will give us values for the 
atomic masses of silver and chlorine. The value 
for the atomic mass of silver was obtained by 
determining the weight of silver nitrate that 
was formed from a known w ght of silver by 
dissolving the metal in nitric acid, evaporating 


the solution to dryness and fusing the residue. 
The equation is 


Wt. of Ag 
We. of AgNO, — 
At. mass of Ag 
At. mass of Ag + At. mass of N +3 x 16 
(2) 
This equation required for its solution a value 
for the atomic mass of nitrogen which was ob- 
tained by another reaction which Will not be 
described here. However, to 80 back to Equa- 
tion 1, it is still necessary to find the atomic 
mass of chlorine. To get this, a known weight 
of silver was dissolved in nitric acid and the so- 
lution treated with hydrochloric acid. The 
silver chloride thus formed was collected and 
weighed. The equation is a simple one, 
Wt. of AgCl — 
Wt of Ag — 
At. mass of Ag + At. mass of Cl 3 
3 At. mass of Ag (3) 


If this seems a laborious and roundabout way 
of determining the atomic mass of sodium on 
the O=16 scale, it should be remembered that 
once silver had been related to oxygen and 
chlorine to silver, the general procedure of 
comparing a chloride with silver proved ex. 
tremely useful for determining many atomic 
masses. T. W. Richards received the Nobel 
Prize for chemistry in 1914 for his develop- 


ment and perfection of these procedures at 
Harvard University, 


Elements Exist in Two or More Forms 


We come now to the 
duced by the discov ery tha 
fact most of them, 


new problem intro. 


at many elements, in 


exist in nature in two or 


60 


o 
o 


T 
PERCENT ABUNDANCE 


40 


30 


20 


15 


o'8 


0204% 


16 I7 ig 
MASS NUMBER 


Per cent abundances 
of isotopes (by num. 

stems) in 

occurring 
When the minute 
amounts of OF and Om 
Were discovered, phys. 
icists used the mas 
of the O" isotope as 
their standard of mass 
16, while chemists 
assigned this value to 
the average isotopic 


mass of naturally oc 
curring oxygen 


c'2 


9 
100 98.89 % 


90) 


80 


70 


60 


40 


30 


PERCENT ABUNDANCE 


20 


Cr 135 
MASS NUMBER 


Per cent abundances of 
isotopes in naturally 
occurring carbon 

The new atomic 
weight scale assigns 
the whole number 12 
to the carbon-12 iso- 
tope—that is, to the 
isotope whose nucleus 
contains six protons 
and six neutrons 


16 


more isotopic forms. For such an element, the 
supposed atomic mass was, in fact, the average 
atomic mass of its naturally occurring mixture 
of isotopic forms. The importance of knowing 
the "atomic mass" was not affected by this fact 
except in the relatively unusual situation in 
which isotopic differentiation occurred. For ex- 
ample, in assaying an iron ore it does not mat- 
ter that the "atomic mass" used in the calcula- 
tion is the average atomic mass of several iso- 
topes, all of which behave chemically as iron. 
However, problems arose when mass spectros- 
copy came into use for measuring atomic 
masses. In this technique the isotopes are dif- 
ferentiated in the process of measurement. In 
the mass spectroscope, charged atoms (ions) 
moving at a given velocity in a magnetic field 
follow curved paths whose curvature is a func- 
tion of the mass and charge of the particle. 
This property of the atoms has in recent years 
provided an extremely accurate means of meas- 
uring relative atomic masses. However, in its 
beginning the method was not sufficiently sensi- 
tive to reveal the existence of minor propor- 
tions of isotopes. For example, the existence of 
small amounts of the oxygen isotopes of mass 
numbers 17 and 18 escaped notice for several 
years after the mass spectroscope was invented. 
For this reason, when atomic masses were first 
measured by mass spectroscopy relative to oxy- 
gen, it was supposed that the oxygen whose 
mass was being compared was exactly the same 
as that used in a classical combining-weight 
determination. But when O'? and O!5 were 
discovered, it was realized that atomic masses 
compared in the mass spectroscope with the 
atomic mass of oxygen were really comparisons 
with the mass of O!^. However, physicists con- 
tinued to use the whole number 16 as the as- 
signed relative mass of this special oxygen. In 
doing this they abandoned the denominator of 
the classical scale of atomic masses and estab- 
lished a new scale, which became known as the 
physical scale to distinguish it from the other, 
or chemical scale. Because natural oxygen con- 
tains only traces of O17 and O'8 the two scales 
were very nearly alike. The ratio of the "atomic 
weight" of the element oxygen (average atomic 
mass of the three isotopes) to the atomic mass 
of O!* is about 1.00028: 1. 


The Search for a Single Scale 


Thus there came into use once again two 
scales of atomic masses, just as there had been 
when atomic weights were based either on 
Hz1 or on O=16. However, the difference be- 
tween the two oxygen scales was much smaller 


—so much so that it became difficult to avoid 
confusion. In calculations involving such an 
important natural constant as Avogadro's 
number, it was always necessary to specify 
whether the number used was based on the 
chemical or on the physical scale. Sometimes: 
the authors of scientific papers neglected to 
give this information, even when they were 
dealing with quantities that had been meas- 
ured precisely enough to be affected by the 
difference between the two scales. 

It was recognized that the problems arising 
from the use of two slightly different scales 
could be solved by abandoning one of them. 
However, physicists did not like to return to 
the chemical scale because it was known that 
the relative abundances of the three isotopes of 
oxygen were somewhat different in the major 
natural sources of oxygen—air, water, and 
rocks. Hence the relative atomic mass of the 
element oxygen was slightly variable. While 
this variability was too small to affect the use- 
fulness of chemically derived atomic masses, it 
did affect the highly precise physical measure- 
ment of the atomic masses of individual nu- 
clides. Furthermore, on the chemical scale the 
atomic mass of not a single nuclide would have 
been an exact whole number. The atomic mass 


of O'S, for instance, would be 


15.9956. 
For chemists it would have been relatively 
easy to change to the physical scale had it not 
been for the existence of an enormous number 
of published data based on the old scale. A 
million or more published numerical quanti- 
ties important to physical chemistry were be- 
lieved to be sufficiently accurate so that a sig- 
nificant error would be introduced into them 
if they were not converted systematically to the 
new basis. The task of revising all such numer- 
ical data in text and reference books and in the 
periodical literature seemed impossibly great. 
Earlier it was said that any chemical element 
would serve as well as any other for the refer- 
ence element in a scale of atomic weights, pro- 
vided means were available for relating its 
atomic mass to that of one or more other ele- 
ments. This ceased to be true when isotopes 
were discovered, and the possibility of varia- 
tions in natural isotopic composition was real- 
ized. The choice of a reference element should 
be limited to those elements that h 
urally occurring isotopes, 
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tegral number (19). The adoption of F=19 s 
the denominator of a new scale would not have 
introduced a large enough error into published 
data to necessitate their revision. Such a scale 
therefore might have been acceptable to chem- 
ists. However, it was not acceptable to physi- 
cists for a number of reasons, one of which is 
that fluorine is not a good operating standard 
for mass spectroscopy. 


C1? Chosen Reference Nuclide 


Actually: the choice of a reference species 

need not be limited to elements. À nuclide can 
be used just as well, provided means are avail- 
able for accurately relating its atomic mass to 
other.atomic masses, including the average 
atomic masses of the mixtures of nuclides that 
exist in nature as elements. After discussion 
about a new scale to replace both the chemical 
and physical scales had gone on for several 
years, it was realized that the principal isotope 
of carbon, C!*, would serve very well as the 
reference nuclide. This isotope had been for 
some time the principal working standard for 
measuring atomic masses by mass Spectroscopy. 
"This was because carbon forms so many hydro- 
carbons from which ionized hydrocarbon frag- 
ments can be obtained that one or another of 
them could be used for comparisons through- 
out the entire range of atomic masses of the 
elements. 

For example, the hydrocarbon 3,4-benzo- 
phenanthrene (C,,H;;), when bombarded 
with electrons in a mass spectrometer, breaks 
up into some 200 identifiable ionized frag- 
ments with relative masses ranging, almost in 
one-unit steps, all the way from that of H+ to 
that of the ionized molecule itself, CygHyot. 
Accurate atomic mass measurements in the 
mass spectrometer depend on comparing the 
mass of an “unknown” particle with that of a 
standard particle of very nearly the same m 
(This isa typical case of achieving accuracy 
in measurements by determining small differ- 
ences.) Thus, ions of V31 +, the principal iso- 
tope of vanadium, can be compared with 
CH} +, which has a mass of 51, and Ruto + 
with CI2H1 +, which has a mass of 101. 

If C were now to b 
standard, with an assigned relative mass of ex- 
actly 12, the extra experimental work of com- 
paring C? with O16 would no longer be neces- 
sary. 

Fortunately the atomic m 
old chemical scale differs fro 
ber 12 by only about 4 part 
difference is smaller th 
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tainty of any except a very few published physi- 
cochemical data. Hence a conversion from the 
chemical scale to a scale based on C1? — 12 
would not involve the enormous task of revis- 
ing the published data. This fact made the C!2 
scale acceptable to chemists. For physicists, 
changes in numbers required by the change in 
scale from O6 = 16 to C1? —12 were ten times 
larger. However the number of published data 
(mainly the atomic masses of several hundred 
nuclides) was much smaller. The advantages 
of a unified scale were sufficiently clear so that 
the C!? scale was adopted by the International 
Union of Pure and Applied Physics in 1960 
and by the International Union of Pure and 
Applied Chemistry in 1961. The new scale has 
already gained world-wide acceptance among 
working scientists in all disciplines. 

In the International Table of Relative 
Atomic Weights (see page 14), as adopted in 
1961, there were two kinds of changes from the 
official table (of 1957). One kind resulted from 
the change of scale. Such changes amounted 
to 0.004% (note the change for oxygen from 
the exact number 16 to 15.9994) and were too 
small to affect more than a few of the values 
in the table. Others resulted from a systematic 
review and recalculation of the experimental 
work that had been done on each of the cle- 
ments. For a report on these recalculations, see 


J. Am. Chem. Soc. 84, 4175 (1962). Atomic 


weights do not appear in the table for any of 
the radioactive elements, either natural or syn- 
thetic, other than thorium and uranium. The 
reason for this is that the isotopic composi- 
tions of such elements, and consequently their 


atomic weights, vary with the sources from 
which they are obtained. 
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The shapes of the s, p, and d orbitals are 
familiar to all students of modern chemistry, while the 
shapes of the f orbitals are relatively unknown. Al- 
though the equations for the f orbitals are readily avail- 
able, meaningful illustrations are difficult to find, either 
in research journals or in chemistry textbooks. A few 
advanced texts (e.g., that by Pauling and Wilson (1)) 
present plots of the @ part of the f wave functions. 
However, at best, these are only cross sections of the f 
orbitals, and are not necessarily good indications of the 
overall shapes. In this paper, we have attempted to 
present illustrations of the shapes of f orbitals which 
may be of interest to students of inorganic chemistry. 

One reason for the neglect of the f orbitals is the gen- 
erally accepted belief that they have little or no effect 
on bonding. Although the f orbitals certainly do not 
play as important a role in bonding as do the d orbitals, 
their involvement may account for some of the more 
subtle aspects of the chemistry of the elements with 
atomic number 51 to 70 and 83 to 102. Hugus in an 
interesting paper (2) several years ago suggested that 
the 4f orbitals may be involved in bonding to some 
extent in the elements a few atomic numbers lighter 
than lanthanum. The enhanced stability of the higher 
oxidation states of antimony, tellurium, and iodine rela- 
tive to those of arsenic, selenium, and bromine, respec- 
tively, was attributed to the contribution of the 4f 
orbitals to the total bonding In addition, it has been 
suggested (3) that the 4f orbitals in the lanthanide ele- 
ments may be split in complexes by ligand fields, resulting 
in as much as a 10% increase in complex stability in the 
most favorable cases. This latter suggestion has not 
yet definitely been verified by experiment although 
there is inconclusive evidence (4) to support it. The 5f 
orbitals of the actinide elements seem to be available 
for participation in bonding, at least up to plutonium. 
Thus, the stability of the MO;** and MO;* ions 
(M = U, Np, or Pu) has been attributed (5) to participa- 
tion of 5f orbitals inbond formation. A distinet differ- 
ence in behavior toward ion exchange resins between the 
lanthanide ions and the transplutonium actinide ions in 
concentrated hydrochloric acid solution has been ex- 
plained, also, by greater involvement of the 5f orbitals 
in bonding (6). 

The f orbital pictures in this paper are based on the 
angular part of the hydrogenic wave functions." These 


are found, for example, in Appendix III of the third 
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The Shapes of the f Orbitals 


edition of The Nature of the Chemical Bond (7), and ina 
paper by J. C. Eisenstein (8). (Pauling and Eisenstein 
used different normalizing factors, resulting in equations 
that differ by the factor 4/47.) The orbitals are usu- 
ally represented in a spherical coordinate system, as 
shown in Figure 1. In this coordinate system, the total 
wave function, y, can be expressed as the product of 
three functions, each of which is dependent only on one 
coordinate: 
Ynim (7,0, 6) = Railr)-Oim 
(8)-Pm(o) (1) 


where n is the principle 
quantum number, 7 is the 
azimuthal quantum num- 
ber, and m is the mag- 
netic quantum number. 
The shapes of the orbitals 
are determined primarily 
by the angular part of y. 
Yin (0, $) = 

Oim (0). (6) (2) 


"Therefore, we are con- 
cerned principally with equations for Y in terms of 0 and 
ó 


Figure 1. 
(x, y, z) and the spherical coordinates 
(r, 0, o) of a point P. 


The Cartesian coordinates 


Each wave function must be normalized for compari- 
son with other wave functions. This means that the 


constants in the expression for y must be adjusted so 
that 


JV*V dv = normalization factor (3) 


where dv = ;? sin 0 dọ dé dr is the differential of volume, 
and the integration is taken over all space. y* is the 
complex conjugate of y. In the case of real wave fune- 
tions, such as those in this paper, #* = y, and y*y = 
V. The normalization factor is usually taken as 1 (e.g., 
Pauling) when the total wave funetion is being con- 
sidered, or as 47 (e.g., Eisenstein) when only the angular 
part is being considered. In this work, the angular 


part and the radial part of the wave functions have been 
separately normalized to 1; 16. 


x (2x 
fe S: Yin? (0, $) sin 0 dọ do = | 


Ex Rat ()rtdr-1 
The f orbitals are unusual in th: 


at no single set is 
all problems. 


, One set, which we shall 
n the usual way, i.e., by 


forming the product 6(9) - (4). However, this set con- 


New Trends in Chemistry Teaching, 


Vol. I. Contribution No. 2 


tains no orbitals which are triply-degenerate in the 
presence of a ligand field, and group theory predicts (8) 
that when f orbitals split in cubic type fields (cubic, 
tetrahedral, octahedral), they should split into two 
groups of triply-degenerate orbitals and one nonde- 
generate orbital. A second set of real f orbitals can be 
derived from the first (8, 9) by combining four of the 
orbitals in the general set to give four new orbitals, 
while the other three orbitals remain the same. This 
new set, which we shall call the cubic set, contains two 
groups of orbitals which are triply-degenerate in a ligand 
field, and consequently, is more useful in considering 
cubic-type fields. The general set is more useful in 
considering other fields (e.g., tetragonal, trigonal planar, 
ete.) where no more than double degeneracy is required. 
Both sets are equally valid, since orbitals (or wave func- 
tions) are essentially mathematical models of the square 
root of electron probability distribution, and both of 
these sets meet the mathematical criteria for valid wave 
functions equally well? Therefore, whichever set is 
convenient to a given problem may be used. 


Table 1. Angular Parts of the f Orbitals (7, 8) 


a. The general set 


Simpli- 
fied 
True poly- 


polynomial nomial Yim (0, $) 


Tir (5 cos? 8 — 3 cos 0) 


ESA 42 rsin0(5 — | )ro8 
T2 42, s sin Od 10 — D siné 
1 105 x sin? 8 cos A eos 2 6 

1 105 x sin? @ cos 8 sin 2 o 
Psy vu sin? 8 eos io 

| 


SA TU g sin? 4 sin tio 


Phe vule set 


Simph- 
Bethe's ted 
nota- True poly 
tion polynomial nomial Yin 10, 0) 
Im UM. + LAN Tos sin @ eos ġ ( sin? 8 cos? 
o- iih 


wp! — irt aq 14y 7/7 sin 0 sin $ (5 sin? 0 sin? 
| 6 — 3) 
2 1. 4N 7/7 (5 eos? — 3 cos 0) 
1,/4\ 105/x sin? 8 cos @ sin 2 o 


x Sin 8 cos ġ (cos? 0 — 

#6) 

1/44 105/7 sin 0 sin à (c 
sin? 8 cos? ¢) 

1/4N/105/z sin? 8 cos 0 cos 2 6 


€ (s =g) [E 
ste? — y?) 


Pictures of the f Orbitals 


The / orbital pictures presented here consider only the 
angular part of the wave functions, and do not include 
the distortions produced by the radial part. The equa- 
tions used are presented in Table 1 for both real sets of f 
orbitals. For the cubic set, Bethe's Greek letter nota- 
tion is given; this corresponds to the familiar designa- 
tions of the d orbitals as d, and d.. 


? For example: both sets obey Unsold's theorem; all orbitals in 


e orthogonal to all others in the same set; ete. 


The polynomials frequently used as subscripts in 
designating orbitals are properly derived by substituting 
in the function Y(6, 6) 


sin 0 cos ó = z/r 
sin 8 sin ó = y/r 
cos 8 = z/r 


and dropping the denominator, which is always a power 
of r. Some subscripts can be further reduced, for 
simplicity in notation, by dropping terms containing 
only r. Thus, the orbital usually designated as i 
correctly d or, equally cor 
[P i 2), Similarly. several 
of the designations for f orbitals can be reduced for sim- 
plicity. Both the true and the simplified polynomial 
subscripts are shown in Table 1. In this paper. the 
simplified subscripts are always used. 

The orbitals fz, fj fret- yy, and fye: z» of the cubic 
set are obtained by combining the fz: and 
and the f,.: and fyaz:— ys orbitals of the general 


fe = -1/4[ V6 fa: — VIO fioi in] 
fp = = MAIN fos NO foe und E 
fusce = MAC fer + V8 fer can] iid 
fiet eat = MA[VIO fus — V6 fuort cvs 

The other three f orbitals, fa, fj; and fix, are 


common to both sets. 


Figure 2. The f. orbital. A 
section has been cut out of the two 
“collars” for clarity. 


Figure 3. A cross section of the 
f; orbital in any plane containing 
the z-axis, 


Pictures of the f orbitals, in three dimensional projec- 
tion and in cross section, are shown in Figures 2-8, 
These pictures were developed in the following manner: 
for each function Y(0, à), the values of were deter- 
mined for which Y is a maximum. These values 
(Snas) were substituted into the expression for Y, pro- 
ducing one or more expressions in 6. These expressions 
represent cross sections of the orbitals in the planes 
corresponding to the values of ma (e.g., the +2-plane 
corresponds to dmx = 0 and the yz-plane corresponds 
to dmx = 90°). These expressions were plotted on 
polar eoordinate paper. Similarly, values of Omas Were 
determined and used to plot other cross sections (e 3 
the xy-plane corresponds to 8, = 90°). Finally d 
cross sections were used to construct the threedimen- 
sional pictures. Figures 2-8 are all drawn to the same 
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scale. The sign of the wave function in each lobe is 
indicated on the cross sections. For clarity, the signs 
are not shown on the three dimensional projections, but 
may be obtained by it ection of the cross sections and 
of the polynomial sub: ripts. (Adjacent lobes of the 
same orbital always have different Signs.) | 

Figure 2 shows a three-dimensional view of the - 
orbital, with a section cut out of the two collars. 
Figure 3 is a cross section of the same orbital in any 
plane containing the z-axis. T he fz and f, orbitals are 
identical, except that they extend along the x- and y- 
axes, respectively. 


Figure 5. A cross section of the 


The f,.: orbital. £: orbital in the xz-plane. 


Figure 4. 


Figure 6. The f, 


orbital. Figure 7. A cross section of 


the fosta) orbital in the 
xy-plane. 


: Figure 4 is a three-di- 
mensional view of the 
orbital, and Figure : 
the eros 


Siz 


is 
section of this 
orbital in the rz-plane. 
The J: orbital is identi- 
cal in shape, but is ro- 
tated 90° around the z- 
axis, so that the axis of 
the small lobes (the hori- 
zontal ax 


Figure 8. The f,,. orbital, 


the y-axis. The cross s Pig mx 


mL a on of cach lobe of these orbi- 
u ? plane perpendicular to that of Fi 

Us. Figure 5 an 
passing through the nuclec e : 


sa circle. As a result 
these lobes appear flattened, resembling a lima bean, ` 
A three-dimensionat view of the i 
shown in Figure 6 


* Jarwa orbital is 
! i and a Cross sectional view (the 
plane) in. Figure 7. The Suazo, orbital is the same 


shape. being formed by rotai 
g g the lobes of Figures 6 
and 7 about the 90° elockw hae ee 


cach orbital are identical. The eros à 
lobe in any plane perpendicular to the a 
elliptical. 

The £L, orbital, shown in Figure 
lobes whieh point toward the e 
eenter is at the nucleus, 


x lobes of 
Seetion of each 
of the lobe is 


8, has eight. identical 
orners of a cube 
The Jia ; 


<n Svat, and 


Whose 
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fius orbitals are the same shape, but are rotated 45° 
“about the z-, y-, and z-axes, respectiv 


Ligand Field Splitting of f Orbitals 


It was stated earlier that group theory predicts that 
in a cubic-type ligand field, the f orbitals should split 
into two groups of triply-degencrate orbitals and one 
nondegenerate orbital. Knowing the shapes and orien- 
tations of the f orbitals, we may now consider their 
behavior in three fields: the octahedral and tetrahedral 
(cubic-type fields), and the hexagonal bipyramidal. * 

Consider six ligands arranged in a regular octahedron, 
as shown in Figure 9. It is seen that the ligands are 
also in the centers of the faces of a cube circumscribed 
about the octahedron. The three groups of f orbitals 
whose relative energies we must consider are the fn Ss. 
and f, orbitals (see Table 1b). It can be seen readily (9) 
that the f; orbitals point directly toward the ligands, 
and so are of highest energy; the Je point toward the 
centers of the edges of the cube, and so are of lower 
energy than f nd fa points toward the corners of the 
cube, and so is of lowest energy. This is shown on the 
left in. Figure 10, in which the ener Y differences are 
designated by A and 6. 


Figure 9. Six ligands arranged in a regular octahedron, showi 


ing the cube 
circumscribed about the octahedron. 


OCTAHEDRAL' NO FIELD TETRAHEDRAL 
Figure 10. 


Splitting of the f orbitals in octahedral and tetrahedral ligand 
fields. 


The tetrahedron is most simply considered as being a 
cube with a ligand at every other corner (ig. 11). The 
same type of reasoning as for the octahedron leads to 
the conclusion that Ja is of highest energy, f, of lower 
energy, and f; of lowest energy. This is shown on the 
right in Figure 10. 

For the hexagonal bipyramid, group theory prediets 
(10) that the f orbitals will split into two pairs of doubly- 
degenerate orbitals and three nondegenerate orbitals. 
Since the highest degeneracy is double, we use the gen- 
eral set of f orbitals. For convenience, we shall number 
them for this Problem as shown in the first two columns 


* The symmet 
given in 
the orbi 
However, 


try species of the f orbitals in the th e fields are 
quently : 

al and ligand field discussions 
Lo the discussion which follows. 


le 2 since they are fre 
in. molecular 
able 2 is not nec 


of Table The hexagonal bipyramid is formed as 
shown in Figure 12 by arranging six ligands in a hexagon 
in the wy-plane, and putting the other two ligands on 
the z-axis above and below the hexagon. It ean be seen 
that the f; orbital points directly toward the two 
ligands and f» points toward the six wy-plane ligands, s 

these must be of highest energy. On the other hand, 


Figure 11. Four ligands arranged in a regular tetrahedron, shown os a 
cube with a ligand at every other corner. 


z 


"i 


x 


Figure 12. Eight ligands arranged in a hexagonal bipyromid. Six 
ligands are at the corners of a hexagon in the xy-plane. The other two 
are on the z-axis above and below the xy-plane. 


the two J; orbitals point away from all eight ligands, and 
therefore must be of lowest energy. The /; orbital 
points between the ligands in the e plane, so it must be 
low in energy. Finally, the fy orbitals point toward 
some of the ligands, but do not extend very far directly 
toward any of them: these must be raised only slightly 
in energy. These considerations are summarized in 
Figure 13. A possible example of this arrangement is 
the complex UOs(NOs)a> and other complexes of the 
uranyl ion. These are discussed in detail by Coulson 
and Lester (10). 


Table 2. Symmetry Species of the f Orbitals in Various 


Fields 
Octahedron point group Or Tetrahedron point group Tu 
fa CEN fa n 
Ss [Im fs ty 
fe boa fe 4 


We have discussed here only the manner in which the 
J orbitals split in a given ligand field, but have said 
nothing about the amount of splitting. Ia the l 
thanides, this splitting is very slight. probably not more 
than about 106, (3). 


Radial Part of the f Orbitals 


The radial part of the J orbitals is interesting prin- 


cipally in comparing the size of the f orbitals and the 
outermost occupied orbitals of a given atom. Of par- 
ticular importance for the lanthanide elements is a 
comparison of the 4f orbitals with the 5d and 6s valence 
orbita For this purpose, we have used the hydro- 
genie radial functions, 2,,(r), as applied to cerium, the 
first member of the lanthanide This is on 
approximation, principally because the interactions be- 
tween clectrous are ignored in the hydrogenic radial 
functions. Furthermore, the functions have been cal- 
culated for the neutral atom, not for the trivalent ion. 
K. Rajnak (17) has calculated more precise radial func- 
tions for the ions Pr?* and ‘Ti+ from the self-consistent 
field calculations of E. C. Ridley (72). These functions 
are qualitatively similar to the hydrogenie functions 
used in this discussion. 


The hydrogenic radial functions 
UE. of cerium give us a qualitative pic- 
yh ture of the 4f orbitals at the begin- 


Denm ning of the lanthanide sc This 
i is indicated in Figure 14, in which 


CPU the probability, 428,7, of find- 
" 


E ing an electron at the distance r 
m7 from the nucleus is plotted as a 
function of r for the 4f, 5d, and 6s 
orbitals of ium. The region 
in which the 4f orbitals are impor- 


Figure 13. Splitting 
of the f orbitals in c 
hexagonal bipyromi- 
del ligand field. 


120; 
id 


Figure 14. The radial parts of the hydrogenic 4f, 5d, and 6s orbitals of 
cerium plotted o the probability, 4 ^R." of finding an electron at the dis- 
tance r from the nucleus. 


tant is seen to be deep within the atom, compared to the 
Sd and Gs orbitals. Indeed, the 5s and 5p orbitals, which 
are not valence electrons in the lanthanides, extend out 
beyond the 4/ and about as far as the 5d. Thus, it ean 
be understood qualitatively why the 4f orbitals do not 
participate in bonding in the lanthanide series to any 
great degree. These orbitals are unavailable spatially 
not energetically, as they simply do not extend out far 
enough to join in bonding to any appreciable extent 
Similarly. they are so well shielded that they are ügl 
greatly affected by ligand fields, and so do not split ap- 
preciably. i2 
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Geometry of the f Orbitals 


at the same 
y modifying 
he subtle differences in 
r and the choice of axi 

The comparison 


The spherical 


Angular Functions of the f Orbitals 


Figure 1.5 
standing the geometry of chemical bonds. A geo- 
metric representation of an orbital, however, usually Tobie 1: 
conveys a physical significance of probability dis- Yaet- 3yy 
tribution of an electron. - The probability of finding an jury 
electron in à particular space is given as: J^ Ÿ°(r66)dV, ern "s 
or in this consideration, SS Y*(06) sin 6dód6, where gor — or 
the probability is associated with the square of the gis is 
amplitude of the wave function? 


ET 
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shapes. The photographs in Figures 3-10 show Styro- 
foam models of the ¥? functions for the orbitals de- 
seribed in Table 1. (A) and (B) give complementary 
six-lobed lemniscates in the zy-plane, i.e., (cos 3¢)? and 


Figure 2. Graphs of the xz and yz cross sections of the angular function for 
fasst- ay2) (left) and the squared angular function (right). 


Figure 3. Y? model of f,;:.,,5. Figure 4. Y? model of f,ia* 95). 


Figure 6. Y model of analogous 


Y? model of f.i art). 
3d orbital, d;:. 


Figure 5. 


À 


Figure 7. Y? model of t. r3). Figure 8. Y* model of fu: +4). 


(sin 3¢)?, with (A) projecting lobes along the x-axis 
but none in the yz-plane (Fig. 3), while the zz-plane is 
nodal for (B) and two of (B)'s lobes are directed along 
the y-axis (Fig. 4). As a second cross section, taken 
perpendicular to the zy-plane, e.g., 6 = 0° or ó = 90°, 
the nonsuperimposable (sin? 6)? is obtained, making the 
individual lobes rather flattened. "These orbitals are 
concentrated in the region of the zy-plane and have no 
projection along the z-axis (maximum magnetic 
quantum number). 

(C), (Fig. 5), exhibits the trace (5 cos? 8 — 3 cos 6)? 
in all planes passing through the z-axis since it is in- 
dependent of ó. Figure 2 shows the graphs of these 


Figure 9. Y? model of fiz? Figure 10. Y? model off, 


Figure 11. Y! model of fi 


Figure 13. Y* model of fest- st. 


Figure 14. Y! model of fin: 3,2). 


for Y and Y?. The zy-plane is nodal, and the function 
becomes zero for 0 = 39°14’, 90°, 140°46’, 219914" 
270°, and 320°46’, gives relative maxima for 4 = 64°, 
116°, 244°, and 296°, and absolute maxima for @ = 0°, 
180° (z-axis) for all ¢. The orbital representation of 
fasi, aS based on Y*,44 5, appears rather anal- 
ogous to that of dz: (Fig. 6) since both are concentrated 
along the z-axis and are independent of $ (zero magnetic 
quantum number). 

_ [Sin 6 (5 cos? 9 — 1)|? is the principal section for (D) 
in the zz-plane (@ = 0°) (Tig. 7) and for (E) (Fig. 8) in 
the yz-plane (¢ = 90°), while (D) has no projeetion in 
the yz-plane and (E) no projection in the zz-plane. 
The principal section exhibits zeros for @ = 0°, 63.5? 
116.5°, 180°, 243.59, and 296.5?, and relative maxima 
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for 8 = 31°, 90°, 149°, 211°, 270°, and 329°, for the 
appropriate constant ó. A cross section taken per- 
pendicular to the smaller lobes at 8 = 90°, i.e., in the 
zy-plane, is (cos ¢)?, but the oblique cross section of the 
larger lobes for 8 = 31° is an approximated (cos*¢) 
since this section cannot be taken directly. These 
rather flat orbitals are m to the regions of the 
e -planes respectively. 
bii i. 9), hibits the cross section (sin*8 cos 8)? 
with unsymmetrical lobes in both the zz- and yz-planes, 
while (G), (Fig. 10), is nodal for these planes, but gives 
that function fer 6 = 45° and 135°. Maxima are ob- 
served for 0 = 54°44’, 125°16’, 234°44’, and 305?16' 
in their respective planes, and the function zeros occur. 
on the axes, i.e., for 8 = 0°, 90°, 180°, and 270°, and 
also for ọ = 45° and 135? for (F) and ¢ = 0? and 90° 
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for (G). The maximum cross sections perpendicular 
to the major section can only be estimated. The more 
widely separated adjacent lobes interestingly exhibit 
the tetrahedral angle 109°28. (F) and (G) are the 
first eight-lobed atomic orbitals encountered. 

An alternate set of f orbitals, especially applicable 
to cubic systems, is also sometimes listed.‘ In this set, 
Ja fu and fea are identical with Seon fi, and 
Ja,» respectively; fanis Or fa and Just Or 
Ja have shapes equivalent to Laura but are located 
along the x and y axes respectively; and fan, ie. 
Je and fiz», or fe, have shapes equivalent to fr- 
but project their lobes about the y and z axes and z and 


z axes respectively, Both sets of f orbitals are found 
useful. 


Submitted through the Czechoslovakian National Commission for Unesco as a special contribution to this volume. 


THE PERIODIC TABLE AS A TEACHING AID 


by 


E. Tadimanis R. Pula. A. Schutz” 


All teaching aids can be divided into two groups, one 
including aids designed to bring a subject in question (e.g. a 
mineral or a chemical) as a real thing into the classroom, as close 
to the student as possible, the other including teaching aids which 
make it easier for a student to understand the true origin of a 
property, of an effect, or of a natural law and to develop in him 
at the same time a scientific way of thinking, A typical example 
of a teaching aid of the second type is the periodic table of the 
elements. 

When considering the periodic table as a teaching aid, 
its twofold purpose at the primary, secondary, as well as 
university school level should be mentioned: 1) It may be used as 
a tabular summary of some important properties of the elements 
(symbols, atomic numbers, atomic weights, as well as melting 
points, thermal or electrical conductivities etc.) designed for a 
amI 
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ick reference and for finding out the values of these constants 
quic 


rather than for illustrating the periodic law, 


In this article we will concentrate on the first of these two 


oints of view. Yet, in discussing this point we do not intend to 
P 


deal with such questions as, for example, what difference there 


should be between a periodic table as a chart and a text-book 


periodic table, or what prospects there are of using periodic table 
forms to be filled in by the students themselves, or what may be 


expected from introducing sets of transparent periodic tables to be 


laid on each other, Thus, there remains only one important aspect 


to be discussed in this article, namely: What kind of graphic means 


seems to be most suitable for making out of a periodic table an 


easily comprehensible and very illustrative graphic representation 


of the periodic law, 


Before trying to answer this question, we should state 


to what use the explanations connected with the periodic law may 


be put in the teaching of Chemistry. In this sense, the periodic law 


seems to be a logical conclusion resulting from a display of 


experimental information about the elements and about th 


e structures 
of their atoms, At first, 


the students should realise that there is 


20 


SE 


some relation between the chemical properties of the elements and 
the structure of their atoms, the next step being an attempt to find 
a way of formulating this relation. This cannot be done properly, 
unless two quantities representing the electron structure of an atom 
and the chemical property of a corresponding element, respectively, 
are defined, After having defined them, the relation between the 
chemical properties and the atomic structures of the elements 
could be plotted as a simple xy- graph, so as to see what this relation 
looks like and whether a generalised law concerning this relation can 
be formulated. 

In order to do this, proper ways have to be found of 
expressing the electron structures of atoms and the chemical 
properties of the elements, and it is here that the suitability of a 


graphic presentation must be kept in mind. 


The simplest (but not very complete) information about 
the electron structure of an atom is, beyond all doubt, the number 
of electrons possessed by the electroneutral atom, i.e. the atomic 
number Z. In spite of the incompleteness of this information one 


real advantage of it must be considered: it is suitable for plotting 


Date. QS. E $- . 
Aec. No. ER. 
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its values on the x-axis of a simple xy-graph. If the values of any 
quantity, sufficiently expressing the chemical properties of the 
elements, are plotted against Z values of various elements, a kind 
of periodicity of the chemical properties in the natural row of 


elements can be éasily demonstrated. It is important to realise 


that even this very primitive graphic representation of the relation 


atomic structure - chemical property makes it possible to formulate 


the periodic law in the well-known form: "In the natural row of 


elements the chemical properties change in a periodic manner with 


the increasing.atomic number," Nevertheless, no pupil will be 


able to understand why this periodicity exists and of what use the 


periodic law can be for a chemist. 


1o improve this, more complete information has to be used 


about the electron structures of atoms - namely their electron 


configurations, stating how the electrons are distributed among the 


orbitals, Unfortunately, this more complete information is not 


suitable for plotting on the x- axis, as it consists of a set of data, 


showing the total number of electrons in each of the groups of orbitals 


(e.g. ls, 2s, 2p etc.), Nevertheless, it is possible to by- pass the 


need for a multidimensional graphic presentation of the electron 
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configurations of atoms, We can avail ourselves of the fact that 

in most cases the electron configuration of an atom can be derived 

by adding one extra electron to the electron configuration of the atom 
of the element just preceding it in the natural row of elements. Thus, 
if only the orbital of this added electron is given for each of the 
elements, the entire electron configuration can be easily constructed 
—" the exceptions are properly indicated), 

Consequently, it is possible to design a diagram (Fig. 1) 
each frame of which represents one place for an electron available 
within a set of orbitals, this set being marked by the principal 
quantum number (left) and by the symbol s, p, d, f (on the bottom). 
Now, the symbols of the elements can be written into these frames 
according to the orbital that accommodated the last electron of the 
atom of the given element (the number of electrons already present 
in the given set of orbitals being respected at the same time); e.g. 
fluorine occupies the 7th frame of the 2nd row, because its electron 
configuration differs from that of oxygen merely by the "th electron 
in the 2p orbital set, However, some irregularities appear here, 
arising from the fact that some of the atoms differ from those 


preceding them by more than one electron (two, exceptionally three) 
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in a d-orbital or f-orbital, having lost one electron (exceptionally 
two electrons) in the higher s-orbital or d-orbital, respectively, 


at the same time, This can be marked by an arrow directed from 


the frame, in which the symbol of the element should normally be 
located, to the frame where it actually is, due to the number of 
electrons in the orbitals in question; e.g. the niobium atom has 
two electrons more in its 4d- orbitals (but- at the same time - one 
electron less in its 5s-orbitals) than a zirconium atom, 


Thus, we have obtained a two dimensional diagram (Fig, 1) 
in which the electron configurations of all existing neutral atoms 


are represented and systematically arranged, The only question 


now is how to coordinate the chemical properties with these 


configurations, Obviously, it would not be very convenient for 


school charts or for text-books to make use of the third dimension 


for this purpose, Furtunately, there are other graphic means 


available, to be discussed later on, 


The arrangement of elements (or preferably, of their atoms) 
shown in Fig, 


lis not the one we are very familiar with, Still, it 


may be constructed by the students themselves strictly in accordance 


with the table of electron configurations of atoms and, moreover, it 


SUR 


shows clearly that all the elements can be divided into three major 
groups according to their electron configurations (elements of the 
principal groups - stp; transition elements - d; inner transition 
elements - f), These groups can be seen very distinctly in this 
arrangement, so that the student will be able to find them and to 
distinguish them afterwards in any other rearrangement of this 
diagram, However, the periodic law in the formulation mentioned 
above may not stand out very clearly from this arrangement, only 
the fact that the chemical properties of the elements depend on the 
electron configurations of their atoms being demonstrated 
satisfactorily, It may be found, however, that some modification 
is necessary so as to make full use of both educational functions 
of the periodic table, 

The most logical rearrangement of the diagram 
seems to be the one resulting from splitting the first major group 
(stp) into two parts (s and p), so as to make it possible to locate 
the rows of transition elements between these two parts and thereby 
to restore the natural atomic consequence in the diagram, The 
same could be done with the inner-transition elements, locating 


them between the first and second columns of the transition elements 
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(unless it is more convenient - in order to make the whole diagram 
shorter in size - to leave the innertransition elements as an extra 


part outside the table). 


From this point of view a super-long arrangement of the 
table as well as the long arrangement (with only the inner-transition 
elements outside the framework of the table - Fig. 2) might be 


considered as most natural and most illustrative, Also, the 


2 : 
rational arrangement suggested recently by Sanderson (Fig. 3) 
seems to have some advantages from the educational point of view, 


as there is present here a simple and compact eight- group table 


to start with, On the other hand, the short arrangement (Fig, 4) is 


more suitable as a table of characteristic constants of the elements 


than as a teaching aid to illustrate the periodic law. 


We suppose that this variety of possible graphic arrangements 
of the periodic table is quite sufficient to differentiate the groups of 
elements according to their atomic structures quite clearly, 
Differentiation by means of a colour code need not be introduced 


here, thus making it possible to save the colour code for other 


purposes in the periodic table, 
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Having constructed the two dimensional network of atomic 
structures, chemical properties should be introduced into it by means 
of a properly selected or defined quantity, 

By this very requirement (i.e, a quantity is required, not 
merely a characteristic property to be estimated qualitatively) some 
of the characteristics used in the past frequently have to be ignored 
(e.g. the nature of the compounds containing hydrogen, oxygen, or 
chlorine was such a qualitative characterisation), Somewhat better 
prospects might be expected from the concept of ionisation potentials 
which is taken by Romy” for ''being of decisive importance in the 
consideration of the chemical sehaviour of elements", As a matter 
of fact, there are no troubles invo:ved in teaching the concept of 
ionisation potentials, even at the secondary school level. 

However, ionisation potential data concern only one aspect 
of the behaviour of an atom, the other aspect - electron affinity - 
being neglected. This may turn out to be rather unpleasant sometimes 
(it might lead, for instance, to the erroneous idea that oxygen and 
hydrogen are chemically similar since the values of their ionisation 
potentials are not very different), For these, and analogous reasons, 


eiectro-negativity seems to be the quantity that is most suitable for 
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the characterisation of the general chemical behaviour of an element, 
‘ 4 suu 
According to Mulliken , electronegativity M, of an atom should be 


defined as the arithmetical mean of its electron affinity ER and its 


ionisation potential Las i.e. M, = + (E. + Ij. This definition has 


the advantage of being simple enough to be understood properly by 


the secondary school students, (The same level of knowledge and 


experience as needed for the ionisation potentials concept is quite 


sufficient here,) 


Now, the question of how the electronegativity values 


should be introduced into the periodic table, arises, The most 


comfortable, but not very effective, way is to put the values down, 


in figures, in the corresponding frames, However, this would not 


be à graphic representation of the periodic law, but merely a 


semigraphic one, If we wish to make the graphic representation as 


illustrative as possible and yet to maintain the two- dimensional form 


of the periodic table, only one way remains of expressing the 


electronegativity values - a colour code, The colour code seems to 


be particularly useful in that it Presents a dynamic picture of the 


growth of electronegativity values in the table, 


In Fig, 2 we have made use of two principal colours, yellow 
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and red, and by mixing them in the appropriate ratios a nearly continuous 
colour scale can be obtained." In Fig. 3 three principal colours may 
be used, much the same as Sanderson! used for painting his three- 
dimensional models of atoms (blue-yellow-red). But unlike Sanderson's 
Scale, we use a red colour for high electro-negativity values and blue 

for the low ones to remind us of some of the earlier arrangements 
(blue-red, according to the acidity or basicity of the oxides of elements) 
which might still be seen by the students. A possible confusion of the 
two characterisations is prevented by use of yellow colour for the middle 
electro-negativity values. 

In Fig. 3 the inconvenience of the shape and of the graphic arrangement 
of the table has to be made up for by means of greater variety of colours 
(a spectrum-like colour scale being used here). The evidence of 
periodicity can be maintained here only if the electro-negativities of the 
transition and inner transition elements are ignored. These two groups 
of elements are then presented in two grey shades, the one used for the 
inner transition elements being more intense than the other. 


aaa 


x 
Editor's Note: In the original manuscript, Figures 2, 3 and 4 were 


hand coloured, The authors! descriptions have been retained in the 


text, but no attempt has been made to reproduce the colours. 


= 


In general, a colour scale should be designed for this purpose, 
to differentiate between electro-negativity values less than 0,3 units 
apart, otherwise the differences between the elements, e, £. between 
alkali metals or alkaline earths, respectively, 


may not be apparent in 


the table. So as to present. the dynamic growth of electro-negativity 


values as clearly as possible within the colour scheme available, it 


would be convenient to arrange the colour scale in Such a way, that 


the shades do not change quite uniformly within the Scale, i.e, the 


colour fields in the lower part of the colour Scale (0 - 2.3) should bé 


narrower. In this way slight variations in electro 


“negativity values 
would be more apparent. 


educational purposes, 
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Section 2 


During the past ten years, colleges and universities 
all over the world have been introducing courses on 
valency and molecular structure. These cover ma- 
terial which is fundamental to all branches of chemis- 
try and can conveniently precede separate courses in 
inorganic, organic or physical chemistry. The syl- 
labus described by A. K. Colter is typical of many, 
and the list of experiments for laboratory work to 
supplement the lectures should be helpful to those 
engaged in starting up similar courses. 

One of the outstanding achievements of the quan- 
tum mechanical treatment of molecular structure has 
been the insight it gives to the behaviour of eid 
zenoid systems, D. P. Craig's article deals with the 


Molecular structure 


importance of the "aromatic sextet" of electrons, and 
why this sextet is so stable, He discusses the physi- 
cal properties that are in some degree characteristic 
of aromatic molecules, and shows how this leads to 
a more general extension of the term "aromaticity". 

For an account of molecular-orbital theory applied 
to transition metal complexes, see the article by 
H. 3. Gray in Journal of Chemical Eaucation, 1964, 
Pr À 

A very useful survey of experimental methods, for 
the determination of molecular structure, by R. S. 
Nyholm, will be found in Chapter 7 of the OECD 
publication Chemistry To-day. 


Reprinted from Journal of Chemical Education, Vol. 41, No. 3, 1964, pp. 127-130. 


Allan K. Colter 
Carnegie Institute of Technology 
Pittsburgh, Pennsylvania 


la 1959 a complete reexamination of 


the undergraduate chemistry program was under- , 


aken by the faculty of the Department of Chemistry 
im Gamsi Institute of Technology. The study led 
to extensive changes, beginning in the fall of 1960 
and now essentially complete.. „The most distinguish- 
ing feature of the revised curriculum is a course en- 
titled “Valency and Structure,” taken in the fall 
semester of the sophomore year by all students major- 
ing in chemistry and chemical engineering. The 
course was taught for the fourth time during the 
fall of 1963 and has now been developed to the stage 
where further changes in subject matter and adjust- 
ments in depth of presentation are expected to be 
5 Deni - 
This paper will consider these points: the general 
philosophy and objectives leading to the new bas 
the organization of the course and the course con ent, 
and the revised curriculum as & whole, especially with 
respect to the impact of the Valency and Structure 


course. 


General Philosophy and Objectives 


idering weaknesses in our old curriculum, 
men d oe many of our most capable snuden 
were losing interest during the, KU I int 
GR Se mie Sm V i. esq that time 

istry courses offere! es à r 
eue RR hi qualitative and quantitative ud 
While it was recognized ot pei Dog deg 
ry functions, ! as 
mue ns quantitative analysis, at oed > they 
were then being taught, w cd suited for 
r ring freshman chemistry. } 

pce the hjectives of the course following fresh- 

istry are the following: j 
PH power plane eee the freshman yore et 
the most significant changes in the un pia Hien 
curriculum during the past decade has been ie a 
formation of the freshman course from a ioo w ul 
is mainly descriptive inorganic ra oa ce 
in chemical principles. The change has € ra 
sary one; however, the student’s view of chemis iy 
at the end of the freshman year 1S becoming inorena y 
abstract every year. Few would dispute the i ü na 
today’s student knows much less descriptive onem ry 
at the end of his freshman year than the correspon ing 
student 10 to 20 years ago. Nevertheless, an impor- 


i Trends in Under- 
f the Symposium on Recent T d 
Re Chesley Curricula before the Division of Chemical 
Education at the 145th Meeting of the American Chemical 
Society, New York, N. Y., September, 1963. 
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A Sophomore-level Course in 
Valence and Molecular Structure 


tant part of chemistry, now as before, is concerned 
with the synthesis of new compounds and examination 
of their properties. It was felt that some changes in 
the student’s view of chemistry are needed at this 
point. 

It should make contact with the frontiers of chemistry, 
create a sense of participation in the science, and generate 
student interest. One of the key ideas to get across 
in any course in chemistry, no matter how elementary, 
is that chemistry is exploration and adventure. Con- 
troversy and uncertainty exist almost everywhere and 
ideas which are accepted today will be discarded before 
the student graduates. Any course in chemistry, 
regardless of level, which does not maintain some 
contact with the frontiers, which does not point out 
controversies, which does not continually caution 
that the available evidence for a given theory is not 
entirely conclusive, which does not suggest the need 
for specific experiments which the student can ap- 
preciate, misrepresents the science of chemistry and 
fails to sell it in thé most exciting way. We have 
found that a course in molecular structure lends itself 
ideally to the presentation at an elementary level of 
many of the newest and most exciting developments. 

It must fulfill certain practical requirements. In 
view of the ever-increasing amount of essential informa- 
tion to cover in the undergraduate program in chemis- 
try, the luxury of requiring a course which does not 
cover its share of the basic material cannot be afforded. 
Much of the subject matter covered in the Valency 
and Structure course is commonly covered during the 
early weeks of the typical beginning organic course 
and later repeated during the early weeks in the first 
inorganic course. Most of the remainder is tradition- 
ally covered in physical chemistry and in the more 
advanced organic and inorganic courses. It is felt, 
therefore, that the course is not a “luxury,” since it 
covers. almost entirely material now considered an 
essential part of a good undergraduate training; in 
fact, by combining material basic to both the organic 
and inorganie courses, considerable needless repetition 
is avoided. 

Laboratory work in the sophomore year should 
continue the student's training in the essentials of 
experimental chemistry as well as teach principles. 
In achieving these objectives it is held that, all other 
things equal, an experiment utilizing techniques 
representative of modern experimental chemistry is 
to be preferred over one using obsolete procedures. 


The Course Organization and Content 


The time allotted to the course is 3 hours per week of 
lectures and an average of 3 hours per week of laboratory 
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work, for 15 weeks. The laboratory is required for 
chemistry majors only. Of approximately 42 lectures, 
the first 22 are given by an inorganic chemist and the 
last 20 by an organic chemist. An integral part of 
both parts of the course is weekly problem assign- 
ments based on the lectures and the reading. The 


subject matter covered in the inorganic portion of the 
course is outlined in Table 1. 


Table 1. Topics in the Valency and Structure Course 


Inorganic 


Structure of the Atom: The nucleus, atomic spectra, the 
Bohr atom, wave mechanics, the Schrodinger equa 
5-11 The Covalent Bond: Ionic bonds, covalent lx mds, Lew 
formulas, formal charge, molecular orbital and valen 

bond methods, bond hybridization, resonance, types of 
hybridization, and geometries 

12,13 Bond Energies, Electronegativities, „Bond L 
Bond energies and their determination, Pauling and 

Mulliken electronegativity scales, ionic character, bond 


moments, bond lengths, covalent radii, bond length 
as a function of bond polarity 
14,15 Periodicity of the Element 


1-4 


Lengths: 


Description of periodic 


table, inert gases, metallic character, ionization poten- 


tials, atomic and ionic radii, stabilities of oxidation 
states 


ructural Studies: Magnetic suscepti- 

oments, molecular spectra 

Complexes and Inorganic Stereochemistry: Chelates and 
factors determining their stabilities, inorganic isom- 

erism, stereoisomerisin of inorganic complexes, erys- 


10-21 


Inorganie Nomenclature 


Organic 
23-34 Structures of Organic Molecules: 
The aliphatic hydrocarbons: structure, bonding, geom- 
etry, bond lengths, bond strengths, restricted rotati n 
non-bonded interactions, and canformations in acyclic 
Systems 
Isomerism in aliphatic hydrocarbons 


Cyclic systems: strain theory, geometrical isomerism, 
conformational s 


Benzenoid aromatic ompounds 
Functional groups: organic nomenclature, stereoisomer- 
ism, und optical activity 
Chemical topology, tautomerism 
35-37 Physical Properties of Organic Compounds: 
Intermolecular forces: ion-dipole forces and solvation, 
dipole-dipole forces, polarizability, hydrogen bonding 
Intermolecular forces and physical properties: melting 
E point, boiling point, solubility, refractive index 


Generalized Acid-Base Behavior and Addition Com- 
pounds: 


ieneral concepts, definitions, organic acids an 
Structural effects on acidity and basicity 
Onium salts, carbonium salts, charge-transfe. 
sandwich compounds (the metallocenes), 
pounds ý 


Further Applications of the Theory 


benzenoid aromatics, heterocycli 
In + 2 rule i 


[d d bases, 

fer complexes, 
inclusion com- 

2 

y of Resonance: Non- 

€ compounds, Hückel 


Essentially all of the subject mat 
first 22 lectures is traditionally 
or senior course in inorganic chemistry. The depth 
of presentation must be adjusted to some extent but 
not enough to appreciably weaken the "presentation, 
Coneimrently with the Valeney and Structure course 
the student is taking his third semester of calculus 
and his third semester of physics. The first two semes- 
ters of physies cover mechanics, heat and thermody- 
namies, and mechanical waves, The text presently 
used for the first half of the course is “Inorganic 
Reactions and Structure” by E. S. Gould. The 
material covered roughly corresponds. to that in 
Chapters 1 ("Structure of the Atom; Atomie Ener 
Levels"), 3. (“The Covalent Bond”), 7 


ter covered in the 
covered in a junior 


Ey 
(“Trends 


128 


40 


Within the Periodic Table; The Rare Gase 
("Bond Energies, Electronegativities, and Covalent 
Boud Lengths”), 18 ("Inorganic Nomenclature") 
22 (“Complexes and Inorganic Stereochemistry ) 
and 25 (‘Magnetic Susceptibility, Dipole Moments, 
and Molecular Spectra as Aids in Structural Studie SU). 
Some of the assigned problems have been taken from 
the text in the past and it has been our experience 
that these are of about the correct difficulty. 
Approximately the first half of the inorganic portion 
of the course will be recognized. as being largely an 
extension of topics covered in the modern freshman 
cours These subjects are covered in much greater 
depth and in much more quantitative terms in Valeney 
and Structure, however. As an example, the student 
at this stage has some appreciation of what a differential 
equation is and can understand, at least qualitatively, 
how the quantum numbers arise from solution of the 
Schrödinger equation. Further, the demands on the 
student in terms of his level of understanding: and 
ability to make use of the concepts relating to atomic 
structure and covalent bonding are much more severe 
than in freshman chemistry. 


The emphasis in the second half of the inorganic 
portion of the course is on structures and geometries 
of inorganie molecules, properties of inorganic com- 
pounds as a function of structure, and methods used 
to determine structure. This portion of the course is 
more descriptive but still places he: 
lying principles, 

The subject matter covered in the organic portion 
of the course (Table 1) is organized according to the 
different kinds of forces involved: first, forces 
between atoms (Structures of molecules) ; next, “phys 
ical” or weak intermolecular interactions (physical 
properties); and finally, the most general kind of 
Stronger or “chemical” interaction between mole- 
cules, namely, generalized acid-base or ele 
acceptor interaction, 

The material covered in the organic half makes 
repeated and extensive use of many of the concepts 
developed in the first half, A partial list of such 
concepts includes bond hybridization, electronega- 
tivities, bond polarities, bond energies, bond lengths, 
resonance, molecular orbital and valence bond theories, 


and physical methods of structure determination. 
Most of the material covered in the second half of 
Valency and Structure is traditionally covered in 
beginning and advanced 

Presentation here is far f rom 
to organic chemistr 
part of the cour: 


AVY stress on under- 


etron donor- 


The text for this 
the author and is 
the school book- 
rom organic texts 
assigned, 
g and geometry 
drocarbons me 
next proceed to 
ethane and 


c se Was written by 
Supplied to the Students through 
Store for cost. Additional reading fi 
and Tis JOURNAL is suggested and 
Beginning with bondin: 
plest aliphatie hy: 
acetylene, we 
interactions in 


in the sim- 
thane, ethylene, and 
discuss nonbonded 


; € restricted rotation about 
carbon-carbon single bonds in acyclic systems. Some 


facility m writing Structural formulas is gained in 
considering skeletal, Positional, and geometrical (cis- 


trans) isomerism in aliphatic hydrocarbons, Proceed- 
mg next to evelie syste rers ring 


ms, the discussion COV 


strain, geometrical isomerism, and again, restricted 
rotation about carbon-carbon single bonds. The 
ideas introduced in discussing restricted rotation are 
then extended to an introduction to conformational 
analysis in cyclohexane and derivatives of cyclohexane. 
The section on benzenoid aromatic hydrocarbons 
starts with a consideration of bonding and geometry. 
The structure of benzene is described in both valence 
bond and molecular orbital language. The concept of 
resonance energy is examined carefully and critically. 
With polynuclear aromatic hydrocarbons, the use of 
Kekulé structures to define band pt ig which can be 

redict bond lengths is discussed. ! 
ene on functional groups is introduced € 
the proposition that the fundamental problem | i 
organie chemistry is to correlate properties wit 
strueture; that is, given the structure of an organic 
molecule, to predict the compound's properties, or 
vice versa. Taking as diverse examples of properties 
the analgesic potency of compounds T to ue 
opium alkaloids, color, tensile strength, an reactivi y 
ion, it is instructive to show, using 


in a chemical reaction, i 3 
d examples, how the present experimental attack 


"fundamental problem" may vary from one 
Siti essentially trial and error to one in qu me 
titative correlations already lead to had * X 
predictions. We then note that the classi i ia 

ounds by homologous series according to fune ional 
ps is one of the oldest and most useful correlations 
E nine and geometry in the simpler 
members of the principal ROMANS TD pos 
diverge to consider some of the methods werd y ae 
organic chemist to determine baec Si of aaun 
Wisin tops: determination of the molecular 
non * ar preliminary information from the molec- 
ieee classification tests for eur irl 
synthesis, degradation, physical bey ne RE UM e 
is r number. The methods are illustra i 
ep examples and by assigned problems. E 
Y "he section on Structures of Organie Molecules i 
E pleted with a fairly thorough coverage of organic 
omemeafure and stereoisomerism and briefer dis- 
sso of chemical topology and automi n: + 
ring chemical bonding and interactions 
iuo mE we turn to interactions between 
ER. "Here the different kinds of weaker or 
bh i sical intermolecular interactions are first 
E dan d r a function of structure. After considering 
Hw y^ common physical properties such as 
er His mn boiling point, and solubility depend on 
Fun aitnn an attempt is made to correlate 
ies with structure. 
es dope ner: most general kind of stronger 
= called chemical interaction between molecules, 
ra eralized acid-base or donor-acceptor in- 
nA The discussion first covers generalized 
Bee behavior, acid-base properties of Sean 
compounds, and acid-base properties as a function o 
stri "We then look at several different classes 
bcc es loosely termed addition compounds, 
ou of ich are formed, at least formally, through 
acid-base interaction in the generalized sense ] 
An important feature of the presentation of the 


organie material is a heavy emphasis on energetics. 
Besides the consideration of bond energies, energy 
relationships are an important part of the dis- 
cussions of restrieted rotation, geometrical isomer- 
ism, ring strain, conformational analysis in cyclic 
systems, resonance, tautomerism, and intermolecular 
forces. Discussion of the effect of structure on transi- 
tion temperatures is usefully centered around the 
enthalpy and entropy of transition. For a reversible 
phase transition at constant T and P 


AH = TAS(AF = 0, T = AH/AS 


The effect of molecular rigidity is reflected in AS 
and the effect of intermolecular forces (function of 
molecular shape and functional groups) in AH. For 
fusion, both AH and AS vary widely, with changes in 
AS frequently dominating (e.g., compare n-pentane, 
isopentane, and  neopentane). For  vaporization, 
changes in AS are much smaller (Trouton's rule) and 
boiling points depend mostly on the magnitude of 
the intermolecular forces. The students at this point 
have had previous exposure to the concepts of free 
energy and entropy in both freshman chemistry and 
freshman physies. 

The valency and structure laboratory is a sharp 
departure from the traditional sophomore laboratory. 
With the exception of experiment 7, it complements 
the first half of the course. The main emphasis is 
on the experimental techniques used by the fmodern 
inorganie chemist in making new compounds and in 
determining their structure. No laboratory text is 
used; instead, a mimeographed set of very general 
instructions including a limited amount of background 
information and references for further reading was 
prepared by two of the faculty. A class of 20 to 25 
chemistry majors is divided into 2 sections. An 
average of about 6 hrs per experiment is allotted, with 
some experiments easily completed in a single 3-hour 
period and others requiring up to 3 laboratory periods. 

The experiments used last year are listed and briefly 
described in Table2. All experiments were not equally 
successful and a few additional changes in the labora- 
tory are likely to be made during the next two or three 
years. 


Table 2. Valency and Structure Laboratory 


1. Preparation of Aluminum(III) Iodide (sealed tube reaction, 
sublimation, molecular weight determination) 

2. (a) Operation of the Spectrophotometer; (b) Spectrophoto- 
metric Determination of the Formula of a Complex Ion 
(copper-iminodiacetic acid complex, Beckmann Model DU 
Spectrophotometer); (c) Determination of the Visible 
Spectra of cis and trans Isomers of Coordination Com- 
pounds (cis- and trans-[Co(ethylenediamine),Cl;] Cl) 

3. Preperation of Sodium Amide (use of inert atmosphere dry 

ox 

4. Glass Blowing (pyrex, oxygen torch) 

5. Preparation of Copper(I) Chloride 

6. Vacuum Manipulation of Volatile Compounds (vapor pres- 
sure measurements on CCl at a series of temperatures 
using a vacuum assembly) 

The Leveling Effect of Solvents and the Determination of the 
Relative Strengths of a Series of Acids in Glacial Acetic 
Acid (potentiometric titrations) 

5. Properties of cis and trans Isomers of Coordination Com- 
pounds (preparation of cis- and trans-[Co(ethylene- 
diamine).Cl;] CI, resolution of the cis isomer, measurement 
of magnetic susceptibilities, infrared spectra, and dipole 
moments) 
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The Revised Curriculum 


Although the Valency and Structure course has had 
some impact on the teaching of all other chemistry 
courses following it, the beginning organic course and 
the senior inorganic course have felt the greatest 
influence. The organic course starts immediately 
with organic reactions and essentially no time need 
be devoted to structure and nomenclature. A com- 
plete discussion of each reaction, including stereochem- 
ical aspects, can now be given from the very beginning. 
As an example, a discussion of bromine addition to 
olefins during one of the early lectures could include 
addition to cyclohexene to give trans-1,2-dibromocy- 
clohexane and addition to cis- and trans-2-butene to 
give dl- and meso-2,3-dibromobutane, respectively. 

The sequence of chemistry courses in the new cur- 
rieulum is shown in Table3. An important feature of 
the revised curriculum is the flexibility offered in the 
Senior year. Nearly all of the required chemistry 
courses have been completed by the end of the junior 


Table 3. Sequence of Chemistry Courses in the Revised 


Curriculum 
Semester Course 
1 General Chemistry 
2 General Chemistry 
3 Valency and 
Structure 
4 Physical Chemistry Chemical Meas- 
5 d urements I 
5 Organic Chem- Physical Chemistry Chemical Meas- 
istry I W urements IT 
6 Organic Chem- Physical Chemistry a 
Q Eu Ir Hi 
7 ualitative Inorganic and 
Spain Nuclear 
s Analysis Chemistry 
E ‘nstrumental 
Analysis 
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year, leaving room for 55 units (18'/3 semester hours) of 
technical electives in the senior vear. The needs of 
the student planning to take a job after earning the 
BS degree are quite different from those of a student 
planning graduate work in chemistry. For the latter 
group two-semester basic graduate courses in the 
three areas, physical, organic, and inorganic-nuclear 
chemistry are available. Our better students com- 
monly take one or two of these basic graduate courses 
during their senior year and one student has taken all 
three. The basic graduate course in inorganic- 
nuclear chemistry can be substituted for the regular 
senior course. The jump to the graduate course is 
made easier for the undergraduate student by the 
background in modern inorganie chemistry gained 
from the Valency and Structure course. 


Conclusions 


The Valency and Structure course has been enthu- 
siastically received by the students. The level of 
Student interest and participation in the courses in 
organie and physical chemistry which follow is now 
noticeably higher. The course has been a popular 
elective for sophomores from other departments who 
(usually by reason of advanced standing in one or more ` 
subjects) have sufficient flexibility in their course 
program. In each of the three years the course has 
been taught, it has influenced onc or more outstanding 
students from other departments to become chemistry 
majors. 'The loss of capable chemistry majors during 
the sophomore year has stopped. Finally, the course 
provides the necessary foundation for a truly modern 
beginning organic course. 

The author gratefully acknowledges important 
contributions to the development of the Valeney and 
Structure course by Professors Robert R. Holmes, 
Albert A. Caretto. and Walter A. Manch, 
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THE CHANCING CONCEPT OF AROMATIC CHARACTER 


By D. P. CRAIG, D.SC., F.R.A.C.I., F.R.I.C. 


Professor of Chemistry, University College, London 


What do we mean by saying that a mole- 
cule has "aromatic character’? Can a mole- 
cule have aromatic character and yet not be 
an aromatic molecule ? 


The current state of knowledge, and 
especially. recent. developments both in the 


synthesis of new types of molecule, and in 
theoretical understanding, promote 
questions to matters of some substance. The 
search for a definition of what constitutes 
aromatic character is, as in any rapidly 
changing field, a sterile one: but a review of 
the types of definition adopted from time to 
time brings out in a particularly clear way the 
intimate connexion between new discoveries 
and the progressive development of interpre- 
tative concepts. The now extensive litera- 
ture will indeed show that while the definition 
of an aromatic molecule has given little 
trouble, aromatic character’ has been, and 
still is, a vague term with a meaning that has 
changed with advancing factual and theoreti- 
cal knowledge. This article is devoted to the 
present state of the subje 
developments in view, 


these 


ct and to some 


The class of aromatic molee 
been taken to include 
homologues with 


ules has long 
benzene and its 
benzenoid ring 
beginning with naphthalene, 
phenanthrene, 


systems. 
anthracene and 


and their derivatives: 


O on 
Benzene Naphthalene 
133 £O 


Anthracene Phenanthrene 


The chemical characteristics of aromatic 
molecules were largely known many years 
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ago, and those characteristics that could be 
said to be common and peculiar to aromatics 
together constituted the then current idea of 
aromatic character. They included chemical 
inertness compared. with open-chain conju- 
gated molecules such as butadiene. ax in their 
inertness to addition reaction with bromine. 
There was also the fact that when an aromatic 
molecule reacts it very often does so with 
preservation of the aromatic nucleus, as in 
the reaction of benzene with nitrating agents 
to give nitrobenzene. 


ELECTRONIC THEORIES 


By the 1920s the chemical properties of 
aromatics were being interpreted by Ingold 
and by Robinson as consequences of the 
electronic make-up of the molecules and of 
the electronic transitions determining the 
course of chemical reactions. The lack of 
reactivity of benzenoid systems, for example, 
was rationalized in the proposal that a 
benzene ring has a set of six electrons, called 
the aromatic sextet, which is highly stable and 
resistant to disruption by chemical attack. 
In later more explicit versions of this theory 
the six electrons are called z-electrons: each 
carbon atom provides one such electron, and 
in the free carbon atom the electron is in à 
2pr atomic orbital of the kind shown in the 
upper diagram of Fig. 1. 

When the carbons are joined together in a 
molecule of benzene the six electrons are no 
longer localized on the atomic centres, but 
delocalized over the molecular fram 
shown in the lower diagram. 

The aromatic sextet is the analogue of the 
atomic octet, in the sense that it is a group of 
electrons making a molecular closed-shell just 
as the eight electrons of the octet make an 
atomic closed shell. The reason why the 
stable grouping of electrons in the molecule 
is Six was not given until later, and to explain 
its physical basis we must consider 
cular-orbital description 


Hückel 


ework, as 


the mole- 
as first given by 
; however, recognition of the aromatic 
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sextet as an empirical feature of stable 
systems is itself of great value. 


It at once 


i T? à əp- atomic orbitals (upper) 
ciw, doo The carbon 2p n uu oer) 
be] delocalized molecular orbital (lower). n 
Coulson Valence, Oxford University Press. 1961, 
d p- 240). 

gives a basis to understand the fact that in 
the tive-carbon svstem it is the negative ion 
]eetrons that is of special stability, 
rbon tropylium system 


with six 7-¢ 
whereas in the seven-ca 
it is the positive ion: 


EA 


Cyclopentadienyl anion Tropylium cation 


THE MOLECULAR-ORBITAT, DESCRIPTION 


The lower diagram of F ig. | illustrates the 
electronic situation in which electrons. are 
delocalized over all six carbon centres of a 
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benzene ring, giving a smeared-out charge 
distribution, corresponding to the overlapping 
and merging of the individual atomic electron 
clouds. According to wave-mechanical theory, 
electrons spreading over a number of centres 
in this way are more stable, because their 
kinetic energy, which decreases with increas- 
ing wavelength, is less and the binding 
energy greater. In the molecular-orbital 
theory this principle is given semi-quantita- 
tive expression. We find functions called 
molecular orbitals (m.o's) with properties 
allowing them to play a part in molecules 
similar to that of atomic orbitals in atoms. 
by describing how the electrons will move and 
be distributed under the influence of all the 
forces present. namely the attractive forces 
between the electrons and the nuclei, and the 
repulsive forces between different electrons. 

Thus the essential idea of a molecular 
orbital is that it describes an electron spread- 
ing over two or more atomic centres, instead 
of being confined to one, as in an atomic 
orbital (Fig. 1). The Pauli exclusion principle 
applies to molecular orbitals as it does to 
atoms to require that no more than two 
electrons with opposite spins can occupy one 
molecular orbital: of the six z-electrons in 
benzene two go into the molecular orbital 
depicted in Fig. 1. This is the most stable 
orbital, because it has no nodal plane per- 
pendieular to the plane of the molecule—a 
condition that gives the longest possible 
electron wavelength and the greatest binding 
energy. The next most stable orbitals are 
those with a single nodal plane, shown in 
projection on to the molecular plane in Fig. 2. 
The high symmetry of the benzene system is 
associated with a degeneracy of these two 
orbitals, and their energies are equal. The 
nodal planes must be at right angles to one 
another, but may otherwise be placed without 
Four electrons fully occupy these 
two molecular orbitals and, together with the 
two in the most stable orbital, account for the 
six zeeleetronss There are still other mole- 
cular orbitals of benzene, not occupied in the 
ground state. The energies of the orbitals 
may be calculated and are included in the 


restriction, 


complete set of mio. energy levels shown in 
Fie. 3. We can now understand why a 
If the orbitals 


sextet of electrons is so stable, 
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shown were occupied only by five electrons 
there would be an electron vacancy in the 
molecule that would give it an electron- 
attracting character and so make it chemically 
reactive. Ifthe molecule had seven electrons, 
one would have to occupy a higher energy 
orbital and would be readily lost, again 
giving chemical reactivity. 

The molecular-orbital viewpoint allows 
some other experimental facts to be fitted 
into a simple pattern. We expect a sextet to 
be stable whenever the sequence of a single 
level followed by two degenerate levels is 
followed, and it is so even in regular plane 
five- and seven-membered rings, such as tose 


| 
! 2 
m (m [n 


Fig. 2. Schematic diagram of the 
of benzene, Showing (first row) t 
stable orbital, the less stable de, 
(second row) the excited orbitals 
ground state. (After See] 

Chemical Bonding, Methuen, 196: 


molecular orbitals 
he nodeless most 
generate pair and 
unoceupied in the 
» Atomic Structure and 


3, p. 51). 


and tropylium 
0. In the five- 


No special stability is associated with the 
aromatic octet, found in the molecule cyclo- 
octatetraene shown, with its molecular- 
orbital energy diagram, in Figure 4, Two 
electrons occupy the most stable m.o., four 
more occupy the degenerate pair of higher 
energy, and the remaining two are left to 
half-fill degenerate orbitals, which are not 
stabilized relative to atomic orbitals. The 


averaged stabilization taken over all the elec- 
trons is much less than in benzene. Since the 
planar configuration of an eight-membered 


Energy 


Benzene 
Fig. 3 The one-electron orbital energies of benzene, 
In the ground state the lowest three orbitals are 
each doubly occupied by electrons. 


ring system can only be held at the cost of 


strain energy in the single bonds. and because 


the possible energy gain from the free spread- 
ing of the electrons over the planar configura- 
tion is so slight. the molecule adopts a non- 
planar boat structure shown in Fig. 5. in which 


Cyclo-octatetracne (left) and its one-electron 
al energ (right). In the ground state the 
lower three orbitals are doubly filled, and the next 

two orbitals half-filled. 


adjacent atomic orbitals can overlap only by 
pairs, giving a polvolefinieelectronie character 
with alternate double bonds (1-344) and 
single bonds (1-46A), 


The general proposition that cyclic un- 
saturated molecules have aromatic character 
only when no m.o’s are part-occupied is 
known as Hückel's rule. It can be expressed 
in the statement that systems of (4n + 2) 
7-electrons are aromatic, and systems of 
4n are not. Apart from benzene and the 
non-planar molecule of cyclo-octatetraene 
no monocyclic molecules with alternating 


of cyclo-octatetraene, 
lapping of 7-orbitals. 
ot overlap there is no 


Fig. 5. The tub structure 
showing the pair-wise over! 


adjacent pairs do not o 
pen cyclic delocalization. 


double and single bonds have been known 


i during which 
ntil the last three or four years, 

Sondheimer and colleagues have pes où 
large-ring fully conjugated ‘annulenes ta 
C P Es CoaHos and CyoHso> three of 
idu dixe (4n + 2) molecules and two (the 
third and fourth) are 4n molecules. The 
d, [14]-annulene has a carbon 


first compoun! 
skeleton Tike the peripheral atoms of the 


benzenoid molecule pyrene: 


2 


[I4]-Annulene 


Pyrene 


Ten of the hydrogen atoms lie outside the 
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skeleton and four lie inside. This molecule, 
although one of the Hiickel (4n + 2) class, 
does not show aromatic properties. On the 
other hand [18]-annulene, which is perhaps 
the most studied example so far, is a planar 
molecule and has the magnetic properties 
required for aromatic character. Again 
[24]-annulene is not aromatic. 


THERMOCHEMICAL AND MAGNETIC PROPERTIES 


The arguments that we have just reviewed 
draw attention to the origin of the special 
stability of aromatic molecules in their 
electfonic structure, and in particular to the 
delocalization of the aromatic z-electrons. 
It is a natural next step to inquire what 
physical properties such electrons possess, 
and to deal with physical criteria of aromatic 
character. If such criteria could be set, they 
would allow delocalized electrons to be proved 
in non-aromatic molecules, such as hetero- 
cyclics, and ‘so lead to a generalization 
extending aromatic character into a much 
wider class of molecules. We shall refer to 
two such physical properties, both of which 
have been exploited in this way. 

When aliphatic hydrocarbons are burned 
their heats of combustion may be represented 
as sums of parts belonging to individual C-C 
and C-H bonds, and, once a set of bond heats 
has been found from a number of reference 
compounds, heats of combustion of other 
molecules may be predicted fairly reliably. 
The same may be done for olefins, in which 
the carbon-carbon double bonds make a 
contribution to the heats of combustion 
greater than for single bonds but the same 
in different olefins. Now benzene is formally 
held together by alternating double and single 
bonds, and a heat of combustion may be 
calculated for it as if it were a cyclic poly- 
olefin, This calculated value exceeds the 
measured heat of combustion by 36 kcal 
mole-!, showing that benzene is more stable 
by this quantity than would be expected if 
its bonds were strictly either pure double or 
pure single bonds. This stabilization is the 
measure of the energy gain from the delocal- 
ization of the r-electrons, and is the resonance 
energy or delocalization energy. Representa- 
tive values are shown in Table I. 
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TABLE I 
RESONANCE ENERGIES OF BENZENOID AROMATICS 
(keal mole 1) 


a a MÉ——MMM. 


Resonance 

Molecule Resonance (i Energy per 

Energy z-eleetron 

Benzene .. ss] 36 6 

Naphthalene, 61 61 
Anthracene PE S6 | 6-1 
Phenanthrene | | 99 | 71 
Diphenyl. . | 74 6:2 
Dibenzyl | 70 | aS 


In these simple aromatic hydrocarbons each 
7-electron contributes about 6 keal per mole 
to the resonance energy. We must now sec 
whether in some selected non-benzenoid 
molecules the same method gives indications 
of resonance stabilization. The examples 
chosen, with the resonance energies found, are 
given below: 


Azulene Cyclo- 
31 octatetraenc 
4 
OH 
Diphenylene Tropolone 
20 21 
Mle quantities stare 


Lave in heal m she 


It is thus confirmed that ¢ 
in contrast to the other rin 
aromatic-type stabiliz 


Velo-octatetraene 
8 systems has no 


) ation. None of these 
Is an aromatic compound in the 


proper sense, 
but each can be said to 


have aromatic 
character according to this physical criterion, 

The distinetive Magnetic Properties show 
themselves in two different ways. In a 
magnetic field atomic and molecul 
are forced to circulate. The charge circula- 
tion itself produces a magnetic field in opposi- 
tion to the applied field and, if there are no 
other magnetic influences (such as unpaired 


ar electrons 
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electron spins), this makes the system display 
diamagnetism. Electrons that are delocalized 
over a closed circuit taking in many atomic 
centres can be induced by the magnetic field 
to circulate about it, and they make a dis- 
proportionately large contribution to the 
diamagnetism: moreover the contribution is 
confined to the direction perpendicular to the 
plane of circulation, namely the molecular 
plane. Both the mean diamagnetism, and 
its anisotropy, are measurable quantities 
and can be used to demonstrate aromatic 
character. The essential quantitative argu- 
ments in this case, as in that of resonance 
energv, depend on the exaltation of the 
diamagnetic susceptibility of a delocalized 
system above the sum of contributions by the 
parts, in this case individual atoms. The 
atomic-contributions are Pas Vs diamagnetic 
constants: in molecules without delocalized 
electrons the molecular diamagnetism is quite 
well given by the Pascal sum, but we see 
the values collected in Table II that aromatic 
molecules are allexalted. Cyclo-octatetraene 
shows no significant exaltation 
with our earlier conclusions, but the aromatic 
character of azulene and some other molecules 
lacking a benzenoid skeleton is indicated, 


from 


mam harmony 


TABLE 1I 


ETISM IN 
. units) 


EXALTATION OF 


HYDROCARBONS 


Molecule 


— 106% | Pascal 


Exaltation 
(exptl) sum 


Benzene P 
Naphthalene 
Chrysene 
Azulene 


ad; 91-0 
Cyelo-octatetracne 51-9 | 
Tropolone 61-0 
Tropone des | o4 | 


The circulation Of wel 
field has another consequence that 


exploited in measurements of the 
magnetic resonance. | 


‘ctrons in a magnetic 
can be 
proton 


Á aet us Suppose that the 
iis un magnetic field is Perpendicular to 
the plane of the cule, as s in Fi 
d om dad € mole cule (8 shown in Fig. 6. 
induced circulation of the 
gives a field which, measured 
the hexagon, is Opposed to th 
The lines of force of the 


T-electrons 
at points within 
e external field, 
induced field curl 


round outside the hexagon, and at the posi- 
tions of the hydrogen atoms give an increment 
to the field, making the total field greater than 
the external field alone. The proton mag- 
netic resonance is a sensitive measure of the 
total field, and allows an increase to the field 
of this kind to be detected. Proton magnetic 
resonance measurements have proved in 
practice to be useful in identifying molecules 
with aromatic circulation of electrons. In 
this way [14]-annulene was shown to be non- 
aromatic, and [18]-annulene to be aromatic. 


ie 


ca” 


Fig. 6. Schematic diagram of the PEN cs 
current contribution to the magnete pen nas 
at the hydrogen atoms of benzene. E ist ne yia 
field and the curved lines are lines 0 à foi cds 
induced field of the circulating z-eleetrons. 


THE MORE GENERAL CONCEPT OF AROMATICITY 


The existence of such distinct physical 
aromatic molecules, that are in 
avacteristic of them, has been 
some degree charac teristic e 
of the main factors m the generalization 
c character to molecules 


propert ies in 


one 


[ m aromati 
of the term aroma ules 
the strictly aromatic class. Thus 


(1). s-triazine dI), and borazole (IH) 
character insofar as they 


beyond 
pyridine 
have aromatic 


NN +N N 
se 
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possess the physical properties of delocalized 
electrons. Atomic theory for nitrogen and 
boron confirms that both can provide a 
r-electron to a cyclically delocalized system, 
and the conditions shown in Figs 1 and 2 can 
be realized in these cases too. In the special 
circumstances of borazole the atoms carry 
net charges B- and N*. 


THE PSEUDO-AROMATIC MOLECULES 


Hückel's rule distinguishes molecules with 
(4n + 2) z-electrons from those with 4n, the 
former being in theory aromatic and the latter 
not. Since the rule is firmly based only for 
monocyclic systems its compass is limited, 
and many interesting cases occur outside the 
field of its proper application. In practice 
the (4n + 2) rule seems to apply more widely. 
For example the bicyclic and polycyclic 
benzenoid hydrocarbons such as naphthalene, 
anthracene, phenanthrene and higher homo- 
logues have (4n + 2) z-electrons, whereas 
the unknown bicyclic molecule pentalene. an 


co OO ÉD 


Pentalene Biphenylene  Acenaphthalene 


example of a 4n molecule, has resisted prepar- 
ation by methods which, if pentalene 
possessed aromatic stability, would have been 
very likely to succeed. However, in such 
polycyclic molecules exceptions to Hückel's 
rule are common. Both biphenylene and 
acenaphthylene are stable systems with 4n 
7-electrons, twelve in each. One can see 
that no simple rule that fails to take account 
of the structure in more detail can be expected 
to deal eorrectly with such molecules: it is 
found for example that the bonds joining the 
benzene rings in biphenylene are 1-464 long, 
solongthat the two rings interact only weakly, 
and we have a molecule owing its stability to 
a simple duplication of the benzene 7-clec- 
trons. Nevertheless the search for more 
general prescriptions to classify polyevelie 
systems into those with aromatic-type stabi- 
lity and those without is a useful one, and has 
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given rise to much theoretical work, and this 
in turn has stimulated experimental efforts 
in the synthesis of compounds that seemed 
to have a special interest. One theoretically 
based classification depends on the symmetry 
of the z-electron wave-function of the ground 
state of the molecule. These monocyclic 
molecules that are non-aromatie according to 
Hückel's rule are calculated to have unsym- 
metrical ground-state wave-functions in the 
valence-bond approximation, and this unsym- 
metrical character is closely connected to their 
lack of stabilization. The hypothesis that an 
unsymmetrical wave-function is an index of 
non-aromatie character in all z-electron 
molecules, polycyclic as well as monocyclic, 
gives a basis for dividing molecules into 
aromatic and pseudo-aromatic, the latter 
being. expected to lack ordinary aromatic 
stabilization. Typical pseudo-aromatics are 
pentalene (above) and the molecules of 
heptalene and benzodipentadiene. Because 


Eu X 


Heptalene 


Benzodipentadiene 


en of 
them, 
he recent prepara- 
Dauben and Bertelli. 
ed in the scheme below, 
version of naphthalene- 
I) through its ditoluene 
& mixture of dihydro- 
ne is shown (IV) : 


CO;H 
H 
OO = CH OTs 
CO,H H^ 85H TsOcA, Ny 
! [E T 
Dm 
| 


The dihydroheptalenes were dehydrogenated 
by use of triphenyl fluoroborate to give the 
fluoroborate of the heptalenium cation (V) 
which, on treatment with trimethylamine, 
gave heptalene. It is a vellow-brown liqnid 
stable only at low temperatures. and rapidly 
polymerizes in the presence of oxygen or on 
warming. It is quite cl 


ar that this pseudo- 
aromatic molecule reacts in ways suggesting 
polvolefinie rather than aromatic character. 
The discovery of this molecule has done much 
to give substance to the distinction between 
the pseudo-aromaties and others; a distinction 
that we can express by saving that the fact 
that a planar molecule with z-bonds can be 
written in two or more equivalent Ways is not 
a sufficient condition for aromatic stability: 
other conditions have to be fulfilled as well. 


AROMATICITY IN SECOND-ROW RING SYSTEMS 

Once aromatic character is divorced. from 
the chemical properties of aromatic molecules, 
and is held to be an electronic property that 
¢an occur in molecules at large, namely that 
of cyclic electronic delocalization, the field of 
its possible occurrence is still wider. All the 
examples we so far have discussed are of 
molecules formed of elements of the first row 
of the Periodic Table. Each provides one 
electron in a 2p atomic orbital and, though 
the orbitals from different atoms may differ 
in size and therefore overlapping power, they 
are of the same symmetry, indicated schemati- 
cally in the upper part of Fig. 1, and also 
below in Fig. 7. Second-row elements in 


z z 
rice OD 
QE eee OO 
P. 4, diy 
Fig. 7. The t l= orbi ^ Ti 
Reel: wo d= orbitals compared with a p= 


Each d-orbital has four lobes, two above 
and two below the molecular plane. 


their higher valence states are well known to 
use d-orbitals, some of them being orbitals of 
7-Character, as shown in Fig. 7. 

The term "r-character' means that, under 
reflection in the molecular plane, the orbital 


wave-function changes its sign, the positive 
regions in Fig. 7 being mapped on to the 
negative regions and vice versa. Among the 
d.orbitals there are two that have this 
property: both are capable of overlapping 
with similar orbitals on adjacent atoms. 
or with pz orbitals on adjacent atoms, in ways 
that could lead to delocalization. In fact ring 
systems made by second-row elements alone 
are uncommon (an example is the -Si-S-Si- 
system) but ring systems with alternating 
first-row and second-row elements are quite 
well known. Some examples are shown: 


El Jel F 

"SEO | 

NZ ^N PSN 
end du Pod 
c^ w^ ca Sw 


Phosphonitrilic chloride Thiazyl fluoride 


Methyl phosphoborine 


We can study the delocalization properties of 
these ring Systems by : molecular-orbital 
theory, allowing for the differences between 
p- and d-orbitals. Each first-row element 
provides one electron in a pz orbital, as usual, 
and each second-row element provides ai 
electron in a d, orbital. In phosphorus, for 
example, as in the phosphonitrilie halides, it 
reasonable that it should do so. 
lies show that the atoms about each 
phosphorus are arranged approximately tetra- 
hedrally, so that the s- and p-orbitals of 
i valence configuration, sp*d, are 
used in forming single bonds to give the 
skeletal framework of the molecule. The 
remaining electron is a d-electron, and that 


is very 
X-ray stu 


phosphorus’s 
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one we suppose to take part in the delocalized 
system. The proof that these more complex 
systems do indeed display properties expected 
of delocalized systems is far more difficult an 
experimental matter, because we do not have 
reference compounds with which to compare. 
for example, their thermochemical and mag- 
netic properties. However, some theoretical 
progress has been made in exploring possible 
differences between this class of potential 
delocalized systems and more familiar ones. 
Some of these are interesting and suggestive 
of lines of experimental research: there is for 
example the finding that systems of alternat- 
ing first-row and second-row elements do not 
follow Hiickel’s rule of alternating aromatic 
and non-aromatic systems with increasing 
ring size. In fact phosphonitrilic compounds 
are known with rings of 6, 8, 10,...20 
members, and no alternation of properties is 
found. However, this is a new field of 
research in which much has still to be done 
before theory and practice can be put side 
by side; it is already clear that progress can 
be made, and it seems likely that a completely 
new type of aromaticity will be recognized ax 
the result of it. We shall then have the 
position that aromatic character is of at least 
two fundamentally distinct types, of which 
only one has been seen in the delocalized 
systems of first-row elements, the other being 
of even wider occurrence in systems where 
d-electrons play a part in valence phenomena. 
This is known to be the case in second-row 
elements and in transition metals, and must 
certainly be far more widespread even than 
that. 
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Section 3 


The impact of structure determination by X-rays is 
felt throughout the entire range of chemistry teaching 
ed level. The quantitative 


from elementary to advanc : 
s, ions and molecules, 


information on the sizes of atom : 
bond lengths and bond angles is fundamental to the 


development of chemical theory, and for this reason 
serious consideration must be given to the ways in 
in school 


which the method might be discussed even in : 
courses, The papers by N. Booth offer a possible ap- 
proach to this problem. Successful introdoëtion of 
such a course would seem to depend on an € ective 


Crystals and X-rays 


integration of physics and chemistry teaching—see 
the source-book section, page 355. 

The article by K. Lonsdale is concerned with 
crystal structure analysis in the university under- 
graduate course, She gives very full details of an 
intensive twenty-five hour course which has been run 
successfully at University College, London, for the 
last ten years. 

Another helpful article on X-rays and crystals is 
" X-rays, Crystals and Life ", by L. E. Alexander, in 
Chemistry, 1964, Vol. 37, No. 8, p. 6 and No. 9, p. 5. 


Reprinted from Education in Chemistry, Vol. 1, No. 1, 1964, pp. 16-24. 


CHEMICAL BONDS 


I—CRYSTALS AND LATTICES 


By N. Bootu, B.SC. 
H.M. Inspector of Schools 


The object of this series of articles is to 
suggest how an approach may be made in 
schools to the nature of chemical bonding 
between atoms. It is assumed that before 
any work of this nature were attempted 
pupils would have had two or three years of 
a science course of an empirical nature during 
which they would have become familiar, 
largely through experiments, with a good 
deal of elementary physics, including espec- 
ially simple current electricity and electro- 
statics, and similarly in chemistry with at 
least the properties of metals, non-metals, 
salts, acids, bases, water and air. 

The traditional approach in school science 
courses to the nature of matter has been by 
way of the gases, with consequent emphasis 
on the individual isolated molecule. The use 

of the Avogadro Principle and the laboratory 
methods based on it for the determination of 
molecular weights, together with its extension 
to methods for the determination of molecular 
weights of species in solution, all contribute 
to the notion that whilst the formulation of 
chloroform as CHCI, is normal, in that its 
molecular weight as given by vapour density 

ME ". normal, sodium chloride has an 

abnorma i i ; 

the normal condition, eei elution e$ 

by NaCl. presented 

In fact, most of the substances met and 
handled in a. school chemistry course would 
by these stindards be considered abnormal 
and the need to be able to arrive at the 
structure of matter as we find and use it is 
clear. 

To state that the formula of sodium 
chloride is NaCl, giving as it does merely an 
atom ratio and hence a weight ratio, says 
nothing by way either of summarization of 
the known properties of the compound or 


of helping to suggest properties as yet 
unknown by the pupil. 
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What is suggested in these articles is that 
it is possible to arrive at a knowledge of the 
structure of relatively simple substances 
which, taken together with a knowledge of 
their chemistry, will allow judgment to be 
used in accepting for their usefulness the 
models of the atoms from which the sub- 
stances are formed. 


COMPOUNDS OF METAL WITH NON-METAL 
We can conveniently start with those com- 
pounds which result from the combination of 
metals with non-metals, if only because they 
represent the majority of substances met in 
most elementary courses. If we deal first 
with the compounds of the metals lithium, 
sodium etc. with the non-metals fluorine, 
chlorine etc. we are, by taking extreme cases, 
likely to get some idea of the limits attainable. 
That sodium and chlorine are opposites is 
apparent in all their physical and chemical 
properties, but to the young student of 
chemistry this is perhaps most strikingly 
illustrated by the actions of, say, sodium and 
chlorine with water—the one 
hydrogen and the other oxygen, 
At first the most obvious feature of most 
of the laboratory solids is that they are 
crystalline, and it can be shown that some 
at least of the powders can be obtained in 
crystalline form. The reactions of chalk and 
of calcite or Iceland spar will show their 
chemical identity. Gypsum may be found 
as crystals, but more frequently in massive 
form. Often the addition of water, in the 
form of water of crystallization, will produce 
crystals from a powder. Crystals may form 
from a molten salt, although it usually 
requires sudden cooling to produce recog- 
nizable crystals, as with water. More fre- 
quently they will be deposited from aqueous 
solution. Large crystals of potash alum and 
copper sulphate are commonly grown. 


liberating 
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It is instructive to watch crystals grow 
and this can be very conveniently done with 
the aid of a filmstrip projector. A glass 
slide is washed in hot water, or warmed over 
a flame, and then dried; on it is smeared (a 
clean finger-tip will do perfectly well for most 
salts) a drop of near-saturated solution of 
the salt. It is now placed in the projector, 
and crystals will start to grow almost at once. 
Suitable substances include potassium chlor- 
ide, sodium chlorate, copper sulphate, chrome 
alum and ammonium chloride. Sodium 
chloride will be seen to form many cubes, 
whilst from a solution containing urea as 
well, octahedra will be formed, and similarly 
with ammonium chloride. The introduction 
here of ammonium chloride, which contains 
no metal, should lead to a consideration of 
the ammonium radical and some of the 
properties of ammonium salts. It will be 
seen that not all the crystals of, say, sodium 
chloride have the same shape—some are 
cubie, some rectangular plates and so on. 

Large crystals which show similar differ- 
ences are simpler to observe, and quartz 
crystals are particularly convenient. The 
size of the faces and the lengths of the edges 
vary, but measurements on two or more 
quartz crystals will show that however the 
edges may vary in length there are corres- 
ponding pairs of faces in all the erystals and 
the angle between them is always the inme, 
A simple goniometer made by taping together 
two 3in. x 2in. pieces of cellulose acetate 
sheet will allow the corresponding faces 3 
two crystals to be located and the angles 


measured. 


Fig. 1. Simple Goniometer 
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Fig. 2. The nine symmetry planes of a cube 


Symmetry 


It will be seen that crystals are symmetrical. 
It is possible to cut most of them in halves 
along one or more planes in such a way that 
each half is a mirror image of the other. 
Thus, a cube—such as sodium chloride, alum, 
potassium chloride, or sodium chlorate may 
form—has nine such planes of symmetry. 

Crystals such as those of potassium 
chlorate, ferrous ammonium sulphate and 
gypsum have only one plane of symmetry. 
On the other hand some crystals have none. 

There are also axes of rotational symmetry 
which may be demonstrated by pushing a 
knitting needle through cardboard models of 
the crystal systems (Fig. 3). 

The absence of a five-fold axis of rotational 
symmetry in crystals should be noted and 


Fig. 3. The Six Crystal Systems 
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compared with its very common occurrence 
in flowers and simpler animals. The hex- 
agonal symmetry of snowflakes can easily be 
seen. The ability of squares, rectangles, 
triangles and hexagons to fill two-dimensional 
space and the inability of pentagons to do 
the same can be shown with cardboard 
shapes. 


Cleavage 


Many crystals cleave easily along cer- 
tain planes. Iceland spar, mica and gyp- 
sum are natural crystals which readily show 
this. Rock-salt cleaves into cubes if struck 
along a plane; if struck in other directions 
more effort is needed and the crystal breaks 
into fragments. Sodium chlorate crystals, 
which are easily grown with half-inch edges, 
are very suitable for demonstrating this 
property. 


HOW ARE CRYSTALS FORMED ? 
Ions 

Experiments with salts will lead to the 
hypothesis of ions. These would include the 
precipitation of silver chloride from aqueous 
solutions of the chlorine compounds of the 
metals; the electrolysis of molten salts such 
as sodium chloride (using a small proportion 
of calcium chloride to lower the melting 
point), sodium hydroxide, lead bromide, 
sodium nitrite; experiments y 


which show the 
apparent movement of ions when the electro- 


lysis of aqueous solutions, with a small 
crystal of potassium permanganate present, 
18 projected on a screen. Sodium chloride 
may be taken as an example that the products 
of the electrolysis of the salts depend on the 
- voltage used (or the current density) and on 
the nature of the electrodes, Electrolysis of 
the. molten salt can be carried out in a 
porcelain boat or a crucible, An intimate 
mixture of pure salt with 5 per cent of calcium 
chloride is melted. Steel knitting needles 
connected to a source of 20 to 30 volts are 
lowered into the melt (it is advisable first to 
heat the tips). When an aqueous solution of 
the salt is electrolysed, with nichrome 
electrodes, hydrogen and chlorine are evolved, 
the chlorine attacking the anode. With 
nichrome and carbon, or iron and carbon, 
the same two gases are evolved. If, however, 


Carbon 


Fig. 4. Electrolysis of brine, with mercury as 
cathode 

mercury is used as cathode no hydrogen is 
evolved at low voltage, but sodium amalgam 
is formed. The cell for this experiment may 
conveniently be a small Y-tube. The mercury 
should be clean and dry. Four to six volts 
will be enough. 


Models 


If we accept that matter is made up of 
particles (and very early in a science course 
this will have been established, on the 
experimental evidence available, as a useful 
hypothesis) the process of crystallization is 
seen as the coming together of particles from 
their dispersion in solution or, because cooling 
makes it possible, from the melt. We have 
no way at this stage of knowing the shape of 
the particles and make the assumption that 
they are spheres, perfectly symmetrical, 
because we have as yet no reason to suppose 
otherwise and only because it is the simplest 
assumption to make. 

We can see what happens when small 
spheres come together by floating expanded 
polystyrene spheres on water. These spheres 
are obtained by boiling Styrocell expandable 
polystyrene beads (Shell Chemical Co. Ltd) 
in water for a few minutes. Picked out 
with forceps and dropped on a water surface 
they will aggregate to form a raft. If 
spheres of the same size are used the raft is 
close-packed, and the hexagonal arrangement 
is at once observed. A larger or a smaller 
sphere introduced into such a raft will 
result in a ‘lattice defect’, Reference to 
perforated zine sheet, chicken wire and the 
honeycomb will also help to emphasize the 
point, which calculation will generalize, that 
equal circles fill an area most completely 
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Fig. 5. Hexagonal packing of equal spheres 


when they take up the hexagonal arrange- 


ment. 


But, except in surface films, matter exists 
, €) 


in three dimensions, and to show how spheres 

ed together to fill three dimensions 
S h : a 

we can use table-tennis balls (pensie à 
ý ^ 4 

4d. each minimum), wooden spheres which 


; tries 
can be purchased in several sizes from Do-it- 


ls. 6d. a dozen, 
self” shops and cost 
dis ee or expanded polystyrene 


spheres. These last can be made at e ei 
cost from expanded polystyrene pun ing- 
board off-cuts, which many manu z m ^ 
will supply. The boards iay pa e pice 
sharp knife, or à hot wire or kni " in n "e 1 
the corners ea de ph rique ting 
subbed down into ? 

nee Fa If desired, they mey be ooed 
by any water-soluble dye. pray ne = ied 
very satisfactory, diluted by about six p 


rene spheres in various 

o age from Elford Plastics, 

ire. 

ee esee im are made € wooden 

spheres of ] in. diameter. The = Sa 2 

cemented together by an impact a reste o 

form close-packed rafts, and the = et m 
selves cemented together to make den 

lattices. Of the two shown in Fig. 7 the e. 
on the left is à face-centred cubic lattice an 


are pack 


Fig. 6. Lattice defect when a large sphere is 
interposed 


that on the right a simple hexagonal lattice. 
In the face-centred lattice the close-packed 
hexagons can be seen in planes inclined to the 
horizontal, whilst in the hexagonal lattice 
they occupy horizontal planes. 

The method of construction of the lattices 
can be demonstrated by placing table-tennis 
balls in a Perspex cube of side 6 in. 

Fig. 8 shows the face-centred arrangement 
so constructed, with one of the close-packed 
rafts coloured to emphasize the layers. In 
Fig. 9, taken from the opposite side of the 
cube, three layers have been removed to 
reveal one of the hexagons from which the 
whole lattice is constructed. 

Now, the way crystals grow and the fact 
that they have cleavage planes suggests that 
their external symmetry is the result of an 
internal symmetry. How may this be veri- 
fied and the internal pattern deduced ? 


Diffraction 


Visible light passing through a transparent 
screen with a fine pattern may be so affected 
that its appearance after passing through the 
screen tells us the shape of the pattern and 
its spacing. 'The simplest example is a 
diffraction grating consisting of a transparent 
sheet on which a series of closely-spaced 
parallel straight lines have been ruled. If 
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light incident on the grating is in the form of 
a small spot of monochromatic light, the 
emergent light is a series of small spots 
Separated by dark spaces. The light has 
been spread out not uniformly. Turning the 
grating at right angles to its first position will 
cause the pattern of spots also to turn through 
a right angle; thus the first feature of the 


Figs 8 and 9 
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Screen's pattern can be decided. The pattern 
of spots is Spread out in a'direction which 
depends on the direction of the lines on the 
Sheet. If the light is viewed at an oblique 
angle along the surface of a gramophone 
record it will be seen that the pattern of 


Spots is at right angles to the grooves on the 
record. 


We can learn a good deal about how 
gratings act, and of the uses to which they 
can be put, from a model consisting of a 
board, 60 em long and 50 cm wide, covered 
with white plastic sheet (Fig. 10). A centre 
line is drawn to divide it along its length, 
and two parallel lines are drawn along the 
width 2 em and 8 em from each end, respec- 
tively. The line 2cm from one end is 
drilled at 2-em intervals, except that the 
centre spot is left undrilled. Two aluminium 
strips, each 2 cm wide, are cut to make combs, 
the centres of the gaps (or the centres of the 
teeth) being 2 cm apart. A plug terminal 
at one end of each strip fits into the holes 
drilled in the board. 

Starting with the plugs 4cm apart, the 
strips are brought together along the line 
8cm from the distant end of the board. 
Two gaps in the combs coincide. Now the 
combs are swung together in either direction 
until gaps once more coincide on the line. 
In fact, with the 4-cm spacing the next 
coincidence is off the board. Now the plugs 
are separated by 8 em, 12 cm, 16 em and so 
on, and points of coincidence marked on a 
strip of cardboard laid along the 8-cm parallel. 
Distances from the centre line are measured. 


A. 2-cm gap spacing 


Pre À Points of Coincidence 
Tom) (em) 
8 12-7 
12 82 17:3 
16 62 127 201 
20 49 103 158 221 
24 41 83 131 180 234 
28 3-6 
32 3-3 
nl 
B. 4-cm gap spacing 
Plug . "e 
i Points of Coincidence 
uc (em) 
12 17:3 
| 16 127 201 
LLL 


Fig. 10 


A graph (see Figs 11 and 12) can be drawn 
of points of first coincidence against plug 
spacing, and from this it is possible to deduce 
the plug positions—even if they cannot be 
seen—by measuring the point of first coin- 
cidence and referring to the graph. The 
model will also show that if the gap spacing is 
much greater than the plug spacing no 
pattern will be obtained, and this also 
happens if the gap spacing is much smaller 
than the plug spacing. It will be seen, too, 
that the smaller the spacing the greater the 
separation of the points of coincidence. 

If a point of light is viewed through a 
handkerchief in a darkened room a four- 
pointed pattern is seen. A fine-mesh wire- 
gauze will give the same effect—about 120 
mesh is suitable. Tilting the gauze or 
handkerchief will again cause the pattern to 
be elongated in the direction in which the 
gap is narrowed. Deformation of the grating 
produces a new pattern. 

We can learn, then, about the pattern of 
a grating from the diffraction pattern pro- 
duced when light passes through it. The 
production of a diffraction pattern is itself 
evidence that light has wave properties, and 
the model we used suggests that the wave- 
length of the light will have to be somewhere 
near the spacing of the pattern. Experiments 
with a ripple tank will confirm this. Similar 
effects can be obtained from three-dimen- 
sional gratings provided the wavelength used 
is about the same as the spacing of the 
planes of the grating. The lattices shown in 
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Plug spacing 
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Fig. 7 are suitable for this purpose. The 
spacing of the close-packed layers will be 
about 2-5 cm, and the 3-cm generators and 
receivers now coming into use in school 
physics courses can be used to produce 
patterns which allow the different modes of 
stacking the rafts to be distinguished. A 
lattice is mounted about 50cm from the 
transmitter and the receiver moved round an 
are of a circle of radius 50 cm and centred on 
the centre of the lattice. Readings are 
taken every 0-25 radians of are moved by the 
receiver. Runs are carried out first with 
no lattice present and then with the lattice 
set in four different positions chosen at 
random in three dimensions. Results are 
shown on the accompanying graphs (Fig. 13). 
Compare results given by a hexagonal lattice 
(Fig. 14). 

If, in fact, crystals are a regular arrange- 
ment of particles in, as seems possible, the 
cleavage planes, we know from experiments 
to determine the thickness of surface films 
that the particles must be very small. 

This can be very effectively and simply 
demonstrated. Flowers of sulphur are 
sprinkled on the surface of clean water in a 
tray with 50-em sides. A glass rod is drawn 
out to a fine point and the tip slightly 
rounded. The tip is touched on the surface of 
a drop of camphorated oil and then on the 
centre of the water in the tray. The large 
area of the resulting clear circle compared 
with the minute volume of the drop of oil 
is very striking. 

Typical results of surface-film measure- 
ments show that the thicknesses are of the 
order of 10 À. The layers in a crystal could 
be expected, therefore, to be separated by 
about this distance, and any radiation we use 
to test this hypothesis and to determine 
where the layers lie, and how far apart they 
are, must have a wavelength of about this 
order. In fact, X-rays are found to be 
suitable. It will be seen from the results 
Obtained with the wooden-sphere lattice that 
the pattern depends on the orientation of the 
lattice or, in other words, on the planes in 
the lattice which are reflecting the beam of 
radiation; and the same applies when a 
pattern is obtained by passing X-rays 
through crystals. The photograph, Fig. 15, 
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2. No lattice 
i os 
IE 


+2 
( 


3 
2 
ess 
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Fig. 13. 


shows an X-ray diffraction picture obtained 
with a phosphorus compound in one particu- 
lar orientation? The regular pattern of spots 
strongly suggests & regular internal lie 
Simple mathematical analysis shows t n 
we shall get reinforcement of the diffracte 
X-rays when à set of planes is at such = 
angle to the incident beam that the pat 
difference of rays reflected from successive 
planes is an integral number of we 
The pattern shown in Fig. 15 was obtained 
by slowly oscillating à crystal through 15 
while it was irradiated with monochromatic 
X-rays. The spots correspond to planes in the 
crystal lattice which are at the correct angle 
to the incident beam for reinforcement to 


occur. : 
The 3.em generator and receiver can be 


used as described by Dr P. J. Beckett! to 
verify this for 3-cm waves. 
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Fig. 14. 


The discovery by von Laue in 1912 of the 
diffraction of X-rays by crystals is one of the 
major advances in science. It led on the one 
hand to the immediate development of X-ray 


vitu ter P] k \ ERE 
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Spectroscopy, from which came such funda- 
mental contributions to the theory of the 
structure of matter as, for example, the idea 
of atomic number, and, on the other hand, it 
provided a method for determining the 
arrangernent of ions, atoms and molecules, 
not only in simple structures but also in those 
of great complexity. 

The greatest triumph of nineteenth-century 
chemistry had, perhaps, been the establish- 
ment of the position of the atoms in a vast 
number of organic compounds, and the proof 
that the properties of a compound depend 
very much on the arrangement in space of 
its components. There were, however, no 
methods available for achieving the same 
knowledge in the case of the great majority 
of inorganic compounds, and it was in this 
field that the first advances resulting from the 
use of X-rays were made. Since then the 
method has been applied to the elucidation 
of the arrangement of atoms in minerals of 
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great complexity, such as the silicates in 
inorganic chemistry, and, most complex of 
all, the biological molecules. 

Much of the earlier work of the X-ray 
crystallographer had the effect of confirming 
and of giving precise measurement to the 
previous concepts of chemists. Now, how- 
ever, the methods are so well developed that 
it is possible to establish the structures of 
molecules of such complexity as to be beyond 
the scope of analytical chemistry. 

In the next article in this series I shall 
show how the method of X-ray crystallo- 
graphy gives precise information about the 
nature of the particles, their arrangement 


and their sizes, in the crystals of the chlorides 
of the alkali metals, 


1. "The simulation of X-ray crystallography 
using micro-waves,’ School Science Review, No. 153, 
pp. 441-3. 


2. X-ray photograph of PsN,(OMe), by Dr G. J. 
Bullen, Birkbeck College, London. Rp 
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CHEMICAL BONDS 


IL—X-RAYS AND THE ALKALI-METAL CHLORIDES 


By N. Booru, B.sc. 
H.M. Inspector of Schools 


POWDER CRYSTALLOGRAPHY 


In a crystal the reflecting planes are fixed 
in position and, since the distance a ray has 
to travel between planes depends on the 
spacing of the planes and on the angle at 
which the ray is incident on them, it will be 
mere luck if the orientation of the crystal is 
such as to give a diffracted beam. One way 
of getting over this is to oscillate or rotate the 
crystal; another, which also allows very 
small crystals to be used, is the method of 
X-ray powder crystallography. By using 
many crystals in this way there will always 
be at least one in the right position to give a 
diffracted beam. A diagram (Fig. 1) will 
illustrate this for two crystals. 


| xi 
Y 
Fig. 1 

If crystal A is in the position to give a 
diffracted beam in the direction AX, then 
crystal B will do the same along BY.’ Con 
sidered in three dimensions, it will be seen 
that the result is a ‘cone of diffraction? Yet 
other crystals will produce similar effects 
from other sets of planes and; because both 
plane-spacing and angle of incidence will be 
different, the apex angles of the cones will 

differ. 

Five examples of the pattern obtained by 
this method are shown in the photographs 
(Fig. 2). The film is wrapped round to form 
a cylinder with the powder specimen at its 
centre and the beam of X-rays enters the 
camera at the dark spot on the left and 


emerges at that on the right, which in the 
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camera is diametrically opposite. The lines 
on the photographs are arcs of the circum- 
ferences of the bases of the cones described 
above. The dimensions of the camera are 
such that the circumference of the film in the 
camera is 360 mm. Reference to Fig. 1 
will show that if the glancing angle between 
the X-ray beam and the crystal plane is 
6, then the apex angle of the cone is 40. 


Now 27 x Radius of Camera = 360 mm 
-. Radius of Camera = 180/7 mm 


It is sufficient for our purpose to concentrate 
on the rays diffracted through small angles, 
that is to say on those arcs on the photographs 
which are centred on the right-hand spot, 
and for each of these circles we have: 


Diameter of Circle 


Radius of Camera x 40 


180/7 x 40 


where the diameter is in millimetres and 0 in 
radians. 


TT 


Therefore 40 = Diameter x &@ x ES Jomas 
T 


i.e. 40indegrees = Diameter in millimetres 


The angle of diffraction, 0, can therefore be 
measured on the photographs. 

The five salts whose photographs are 
shown are, in order, reading down: the 
chlorides of lithium, sodium, potassium, 
rubidium and caesium. Merely by looking 
at the photographs it is possible to infer that 
(a) each salt has a regular internal pattern ; 
(b) the patterns for lithium, sodium and 
rubidium chlorides are very much alike; the 
other two are different from these but are 
Similar to each other; (c) the patterns for 
lithium, sodium and rubidium chlorides, 
although similar, are not identical. The 
Same lines are present in each, but corres- 
ponding lines are closer to the central spot 
and closer to their neighbours as we descend 
the series. Remembering the experiment 
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with the board, described in the first article 
in this series (Educ. Chem., 1 (1), 21), we could 
account for the changes of pattern for these 
three chlorides if the planes causing the 
patterns were identically arranged, but were 
getting further apart as we went from lithium 
to rubidium; (d) the internal symmetry of 
each is cubic; and the next question to tackle 
is—How do we know this ? 


CUBIC SYMMETRY AND X-RAY DIFFRACTION 


Lattices 


Sincé each salt crystallizes in the form of 
cubes, it is perhaps not surprising that the 
internal symmetry should also be cubic and 
analysis of the patterns makes it quite certain 
that this is so. As we have seen from the 
model diffraction gratings previously 
examined, it is from the spacing of the lines 
in the diffraction pattern that this deduction 
can be made. 
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Fig. 3 


Consider first a pattern of particles in two 
dimensions (Fig. 3). The pattern can be 
divided into sets of identical squares, rec. 
tangles or, in general, parallelograms, of 
which four examples are drawn. Such 
parallelograms are called unit cells, and any 
one of the infinite number of possibilities 
could be chosen as the unit of this pattern. 
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Note that ABCD contains the equivalent of 
one point of the pattern (or lattice), and so 
do EFGH and LMNP, whilst RSTV contains 
four. 

Since we can define this lattice by rec- 
tangular axes it will be simpler to do so and 
choosing one of, for example, ABCD, EFGH 
or RSTV allows us to generate the lattice by 
equal translations of the unit cell along each 
axis. As EFGH illustrates, the origin of the 
repetition lattice can be chosen quite arbi- 
trarily so that the lattice points are not 
necessarily associated with any particular 
sets of particles in the actual structure. 

Exactly similar considerations apply to a 
three-dimensional lattice, in which the unit 
cell is, in general, a parallelepiped. 


Rational Lines and Planes 


As the line XY (Fig. 4) shows, a line passing 
through one point in a lattice will not 
necessarily pass through any other point. 


Fig. 4 


If it passes through two points, then, as RST 
and RPQ show and as simple geometry will 
readily confirm, it must pass through an 
infinite number of points in a lattice of 
infinite extent. This is simply because any 
such line is either the side or diagonal of a 
Square or rectangle. Such lines are called 
rational lines. Similarly it can be shown, or 
seen on a model, that in an infinite three- 
dimensional lattice any plane passing through 


three points which are not colinear will also 
pass through an infinite number of lattice 
points. These are ‘called rational planes. 
Movement of a rational line or plane along 
the axes of the lattice by the unit-cell distance 
will generate a family of parallel lines or 
planes whose separation will be the same as 
the distance of the first line or plane from the 
lattice origin. 

In the two-dimensional lattice of Fig. 4 
the rational lines BD, BE, BF and BG divide 
the horizontal translation distance CD by 
1, 2,3 and 4 respectively. Each of the pairs 
BD and CE, BE and CF, BF and CG illus- 
trates the point that each of a family of 
rational lines has the same intercept on the 
side of a unit cell. What is more, because it is 
a lattice (and so AD=DE=EF=FG etc.), 
the divisor in each case must be a whole 
number. 

Precisely the same considerations apply to 
the rational planes of a three-dimensional 
lattice, and a plane is identified by the divisor 
the divisors being given the 


along each axis, r 
l, which are known as 


general labels h, k, 
the Miller Indices. 


M 


I 


Fig. 5 


5 the values of h, k and l 
for the plane PRQ are each unity or, more 
briefly, it is à D 1:4 plane, written (111). 
PSR is a (211) plane and LMNQ is a (100) 


plane. 


Thus in Fig. 


69 


Inierplanar Spacing in a Cubic Lattice 

A solid model (Fig. 6) will simplify the 
calculation. The plane ABC makes 
intercepts OA, OB and OC along the edges 
of the cube. ON is the perpendicular from 
the corner of the cube to the plane ABC. 
Ox, Oy and Oz are the co-ordinates of N 
with respect to O. 


ON Or 
Then OA ^ ON 
ON Oy 
ON Oz 
OC ON 
But ON? = Ox? + Oy? + OZ 
and it follows that 
1 1.5.3 T 


ON: = OA? ^ OB? * OC: D 


If the length of the side of the cube is a, 
a a a 
oa TOB * ^08 
and substitution in (1) above gives 
1 o pB-BE 
ON? a 
But ON = d, the spacing of the planes of this 
family. 
s.d =a| VEF EFP.. se 1) 
Bearing in mind that h, k and Í are either 
zero or integers, we can now draw up à list 
(Table I) of possible values for d. 


then h 


TABLE I 

oaas 
hkl hpk pE d 
100 1 a 
110 2 a| V2 
11 3 alV3 
200 4 al2 
210 5 al V5 
211 6 al V6 
220 8 a|V 8 
221 
300 9 al3 


It can be seen that there is no value of 
d=a/V7, and nor is there for a/V15, 
a] V23, al V28, ete. 

This at once gives us a possible means of 
determining whether or not a given crystal 
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has an internal structure which can be 
represented by a cubic lattice, since similar 
calculations for other geometrical units 
from which space-filling lattices can be con- 
structed give an entirely different expression 


for d. 


X-RAY DIFFRACTION AND THE LATTICE PLANES 


Now'the geometry of reflection from parallel 
planes and experiments with the 3-cm 
equipment described earlier (Educ. Chem., 
1 (1), 23), show that reinforcement will occur 
when nA = 2d sin 0, where n is an integer, 
À the wavelength of the radiation, d the plane- 
spacing and 0 the glancing angle. It is 
usual to take n as unity, since the nth order 
of diffraction from the Akl -plane may be 
considered as the first order (x = 1) from 
the plane nh, nk, nl. This is only to say that 
the same value of sin 6 will be obtained by 
halving d as by doubling n. The expression 


then becomes 
3 à = 2d sin 8 


OR sin?@ = 44? 


Substituting for d? from (2) above gives 
ij 2 
sin?0 = is (he due P) 


Thus, if À and a are constants we have 
he + k+l proportional to sin? 0. We have 
seen how 46, and hence sin? 0, can be obtained 
by measuring the diameter in millimetres of 
the circles on the X-ray photograph, and we 
have also seen that, because h, k and l are 
alues of A? + k? + ? must also 
i ral, so that we now have a simple way 
of fae i the value of h? + k? + I? for each 
pair of lines on the photographs. All that 
has to be done is to find the ratio of the 
values of sin? 0, which will be the = as 
the ratio of the values of na 4 +l, and 
to give integral values. 
je deux Siistgeyp A for lithium 
chloride, the distance between the first pair 
of lines each side of the right-hand spot is 
60 mm. Hence @ is 15° and sin? @ is 0-06691. 
For the second pair the distance apart is 
69-5 mm; 0 is therefore 17:4? and sin?Ó is 
0-08940. These values of sin? @ (and hence 
of h2 + k2 +P) are in the ratio of 1 to 1-336, 
or, to bring both to whole numbers, 3 to 4. 


integers, the vi 
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THE STRUCTURE OF THE  ALKALI-METAL 
CHLORIDES 


The results obtained for all five salts for 
angles of diffraction less than 45? are shown 
in Table II (overleaf). 

It will be seen later that caesium chloride 
is of particular interest and for this salt the 
fourth column continues as follows: 11-87, 
12-85, 13-86, 15-86, 16-86, 17-82, 18-79. 
19-96, 20-87, 21-97, 23-96. Taken to the 
nearest integer this becomes: 12, 13, 14, 16. 
17, 18, 19, 20, 21, 22, 24. Note that 15 and 
23 are missing but that 14 is : resent. 

One statement can be ma e at once—in 
none of the (k? + k? + l?) columns do the 
values 7, 15 or 23 appear, and we may be 
sure therefore that the internal symmetry in 
each case is indeed cubic. 

We have also confirmed the earlier deduc- 
tion, made from the appearance of the photo- 
graphs, that lithium, sodium and rubidium 
chlorides form one group and potassium and 
caesium chlorides another. All possible lines 
are in fact present for the second group. 
several are missing from the first. We may 
take it, then, that because their diffraction 
patterns are similar so are the internal struc- 
tures of lithium, sodium and rubidium 
chlorides on the one hand, and of potassium 
and caesium chlorides on the other—not 
forgetting that both groups are still cubic. 
and this will be considered later. 


THE UNIT CUBE 
It is possible now to obtain direct checks 
that we are on the right lines. 


From the expression A = 2d sin @ it follows 
that d is proportional to 1/sin 6. 


Consider the (220) and (311) planes for the 
three salts of the first group (Table III). 


TABLE III 


Values of 1/sin 0 


hkl LiCl NaCl RbCl 
220 2-357 2-613 3-033 
311 2-015 2.203 2-586 
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TABLE II 
A. Lithium Chloride 
| i 
48 (mm) | 8* Sin? @ Ratio | hkl 
| 
60 | 0-06691 1 | 3 111 
69-5 i 0-08940 1:336 | 4 200 
100-5 | 0-1799 2-689 8 220 
119 0-2470 3-692 | 11 311 
125 0-2698 4-008 | 12 222 
147 36-7. 0-3588 5-351 | 16 400 
160-5 40-1 0-4149 6-200 | 19 331 
168 42 0-4476 6-689 i 20 420 
B. Sodium Chloride 
55 1 5 111 
63 1-305 4 200 
90 | 2-592 8 220 
108 | 3-649 11 311 
113 | 3-941 12 222 
132 | 5-248 16 400 
146 6-258 19 331 
.150 | 6-560 20 420 
167 | 0-4434 7-848 24 422 
C. Potassium Chloride 
56-5 0-05933 1 
80-5 0-1181 1: i m0 
100 1 2 
0-1786 3 3 111 
117 i: 
132.5 0-2393 3. 4 200 
32-5 0-2982 5 2 
146-5 pete 5 5 210 
174 0-3555 5 6 211 
- 0-4739 7 8 220 
D. Rubidium Chloride 
m 2 
91 | 0-1087 1 8 220 
95-5 | 0-1495 p ll 311 
110 | b 12 222 
122 E 16 400 
126 2. 19 331 
139-5 2 20 420 
149 2 2e 422 
| 3. 21 333 
- 511 


E. Caesium Chloride 
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The plane-spacing, d, increases as we go 
from lithium to rubidium chloride, and the 
reasonable assumption is that a structural 
unit of rubidium chloride is larger than that 
of sodium chloride, which is itself larger than 
that of lithium chloride. 

Now consider the (200) and (220) planes 
for potassium and caesium chlorides (Table 
Iv): 

TABLE IV 


hkl KCI | CsCl 
TT (2:046 | 2-681 
1-452 1-893 


Values of 1/sin 8 


ssium to 


Again d increases from pote 
caesium: again, if we consider the values for 
the (220) planes in all five cases, the difference 
between the two groups is made very clear. 

Consider now the expression 


sinto 2S (e + BEB) 
4a? 


For the same family of planes, in the 
different salts, since À and Akl are the same, 
we have æ oc 1/sin @, where « is the side of the 

it cube. ; 
go the volumes of the unit cubes at 
each case are in the same ratio as l/sin? 0 
for each salt. For the salts of one group, 
each having the same internal structure, we 
should expect that the values of the sa 
formula weight/volume of unit cube, woulc 
be in the same ratio as that dep ion 
of the salts, and since a? 2c l/sin? 8, we should 
t from the foregoing that the values of 
formula weight X sin? 0 would be in ie 
same ratio as the densities of the salts. 


The results obtained are given in Table V. 


expec 


TABLE V 


ee 


LiCl NaCl RbCl 


Salt 
D sit nx 2-07 2-18 2-80 
ensity à 
BAD iti 05 1:35 
Ratio of densities  -- y 1 1:05 5 
Formula Wt - sin?0 2d -— xe 
for (220) planes E 2 
Ha 1 1-01 1:35 


Ratio .. e d 


te 
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For the 311 planes the ratio is 1: I-06: 1-34. 

The agreement is certainly good enough to 
support the contention that the X-ray 
photographs can give detailed information 
about the structure of these salts. 

Similar calculations for the (100) and (110) 
planes of potassium and caesium chlorides 
give ratios of 1-00 and 1-01 as compared with 
a density ratio of 1-99. These results suggest 
that there are the same number of formula 
weights of lithium, sodium and rubidium 
chlorides in a unit cube of each salt but that 
there are twice as many formula weights of 
potassium chloride as of caesium chloride in 
their respective unit cubes. The result will 
have an important bearing on the models of 
the five salts we ultimately construct. 


SIMPLE, FACED-CENTRED AND BODY-CENTRED 
CUBIC LATTICES 


If a lattice is constructed from units which 
are cubes, each with one particle at the corner 
of each cube, the result is shown in Fig. 7. 


Fig. 7 


Each of the corner particles is shared by the 
eight surrounding cubes and thus each unit 
cube contains one particle or one lattice point. 
Such a lattice is a simple or primitive cubic 
lattice. A crystal so constructed would be 
expected to give all possible lines on its 
X-ray diffraction photograph. There are, 
however, two other ways in which points can 
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14 

be arranged in cubic lattices. In the 
body-centred cubic lattice an extra particle 
is placed at the centre of each simple cube 
(ser Fig. 8) and in the face-centred lattice a 


particle is added at the centre of each face 
(see Fig. 9). 


Fig. 9 


If two body-centred cubes are drawn (see 
Fig. 10), the shaded (100) planes can be Pres 
to be interleaved by planes exactly half-way 
between. There will therefore be no lines 


TABLE 


Values of 42 


corresponding to (100) planes but, instead, to 
(200) planes; by the same argument there 
will be lines corresponding to (110) planes. 
The first line in a body-centred lattice must 
thus correspond to A? + k? + l? = 2. Simi- 
larly it can be seen for a face-centred lattice 
that reflections from both (100) and (110) 
planes will be absent and thus the first line 
will correspond to the (111) plane for which 
h? + k? +2—3. Possible values of A? + 
12 + l? for the three lattices are shown in 
Table VI. 

A face-centred lattice is thus very easily 
recognized, and it will be seen that lithium, 
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sodium and rubidium chlorides have this 
structure. 

It seems, too, that potassium and caesium 
chlorides have simple cubic lattices. 

It is perhaps unexpected that there should 
be an apparent break in the series at potas- 
sium chloride. This will be looked at in 
more detail in the next article when I shall 
go on to arrive at the models of the five salts 
and to consider the nature of the structural 
units and of the bonds between them. 
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New Trends in Chemistry Teaching. 


Reprinted from Education in Chemistry, Vol. 1, No. 3, 1964, pp. 151-156. 


CHEMICAL BONDS 
III—IONIC LATTICES 


By N. Booru, B.SC. 
H.M. Inspector of Schools 


PROPERTIES OF THE ALKALI METALS 


Before taking up again the examination of 
the powder photographs it may be useful to 
summarize the physical and chemical evidence 
which make it surprising that there should be 
any break in the series sodium, potassium, 
rubidium (Educ. Chem., 1 (2), 67). 

Sodium (2-6 per cent) and potassium (2-4 
per cent) are about equally common in the 
earth's crust. In sea-water, however, there 
is much more sodium—about 1-1 per cent as 
against 0-04 per cent potassium. The two 
main reasons for this difference are that 
act potassium and that potassium 
salts are in general less soluble than the 
corresponding sodium salts, so that some 
are precipitated from the 
is very much less common 


plants extr 


potassium salts 
seas. Rubidium 


in either land or sea. 
All three elements are extracted by electro- 


lysis of the molten chlorides, the equivalent 
conductivities at the melting point being 
shown in Table I. 


TABLE I 


Equivalent conductivity 


Salt at melting point 


mm NaCl 
KCI 
RbCI 


elf is very similar to sodium 


Potassium its nil 
but is more reactive, and rubidium still more 


Their electrode potentials and ioniza- 


re hown in Table II. 


tion potentials are $ 


TABLE II 


Ionization 


D rode 
Le potential (eV) 


potential (V) 


Element 
“7 3-14 
25 ur 4-34 
Rb 2-99 | 4-18 
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All three metals burn with great vigour in, 
oxygen, sodium to form a peroxide. potassium 
and rubidium to form superoxides. 

Whilst sodium forms only monohalogen 
salts, potassium forms a tri-iodide which is 
only stable as the monohydrate and below 
25°C; rubidium tri-iodide is anhydrous. cry- 
stalline and stable. Rubidium also forms a 
tribromide and mixed tri-halides. 

The gradations of some other properties of 
the three metals and their compounds are 
shown in Table III. 


TABLE III 


Na K Rb 
Melting point 97-5° 034 385 
Boiling point s 889° 701° 
Melting point of chloride. ., 800° nir? a 
Heat of fusion of chloride 
(cal g . 116 82 36 
Heat of formation of 
chloride (kcal mole !) 98 104 105 
Heat of formation of oxide 
(kcal mole-!) 99 | 86 79 
————————Á— 
Evidently the chemical and physical 


properties of potassium are intermediate 
between those of sodium and rubidium. It 
would not do, however, to leave it at that, 
without emphasizing that although there is 
this gradation of properties, nonetheless the 
three are very similar indeed. The equiva- 
lent conductivities of the chlorides are all 
high, the electrode potentials very high, and 
the ionization potentials low. The melting 
points of the elements are very low compared 
with those of most metals, whereas the melt- 
ing points of the chlorides are comparatively 
high. This is a genuine family of elements. 


NATURE OF LATTICE PARTICLES 

There are three possibilities to consider. 
Each lattice point could be occupied by an 
atom, a molecule or an ion. "Thus, if the 
particles were molecules, each table-tennis 
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ball in the face-centred models described 
earlier (Educ, Chem.. 1 (1). 20. Figs 8 and 9) 
would represent a molecule of the chlorides 
of lithium. sodium or rubidium except that. 
in order to account for the increasing value 
of the interplanar spacings as we go from 
lithium to rubidium, we should have to use 
larger balls for sodium chloride than for 
lithium chloride. and larger again for rubi- 
dium chloride. 

There are other halides whose crystal 
structure can be worked out in exactly the 
same way as for the alkali-metal halides and 
which have very different physical and 
chemical properties. Iodoform, for example, 
has hexagonal symmetry. melts at 119°C, has 
a solubility of 0-01 g in 100 g water and 13-6 g 
in 100 g ether, both at 25°C, is not an electro- 
lyte and does not give a precipitate with silver 
nitrate solution. Comparison with the 
properties of potassium chloride, which melts 
at 776°C. has a solubility of 27-6 g in 100 g 
water at 0°C, is insoluble in ether and is a 
good electrolyte (both molten and in aqueous 
solution). suggests that the lattice particles of 
iodoform are not of the same kind as those 
in potassium chloride. All the chemical 
evidence suggests molecules in iodoform but 
ions in potassium chloride, 


The powder photographs confirm this; 
different intensities of the various lines 
provide the clues, 


LINE INTENSITIES IN POWDER 
PHOTOGRAPHS 


The powder photographs included in the 

previous article (Educ, Chem.. 1 (2), 67) show 
very clearly, especially in the case of sodium 
and rubidium chlorides, that some lines are 
strong. others weak. Now we might perhaps 
expect that the intensity of the scattered rays 
would be less for large angles of deviation 
and that the lines would become fainter as 
we moved further away from the right-hand 
spot. and we could certainly expect that the 
(111) lines would be very Strong from a face. 
centred lattice because the (111) planes are 
those of closest packing (Educ. Chem., 1 (1). 
20. Figs 8 and 9); but, in fact, a visual 
estimate of the intensities of the lines in the 
sodium chloride photograph gives the result 
shown diagrammatically in Fig. 1. 
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Thus. all reflections from planes with A. £F 
and / all even are strong lines whilst those 
from planes with ^. k and / all odd are weak. 


| 
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Fig. 1. Line intensities. Sodium chloride, 


Let us now suppose that the sodium 
chloride crystals are made up of two different 
kinds of particles. which may be taken for 
the present to be cither sodium atoms and 
chlorine atoms or the ions of the two elements. 
and that the lattice points are occupied 
alternately by sodium. chlorine. sodium. ete. 
Each kind of particle can then be arranged in 
a face-centred lattice. as the powde 
graphs show they must. and we 


have two. interpenetrating 
lattices as shown in Fig. 2. 


r photo- 
shall now 
face-centred 


e Na o Cl 


Fig. 2. Sodium chloride. 


This model can now be checked to see 
whether it fits the evidence better than a 


model made up of only one kind of particle. 
Fig. 3 shows the (111) planes in t 
lattice. 


The sets of 


he same 


of planes are very easily seen on a 
ball-and-stick model of the lattice, and, of 


course, the (111) planes are those seen before 
(Pt I, Figs 8 and 9). 

Now if the reflections from all the (111) 
planes of sodium particles shown in Fig. 3 


are in phase, those from the chlorine planes, 


which are exactly half-way between the 
sodium planes. will be exactly out of phase 
with them. and if the intensities of the 
reflected beams are equal there will be no 
(111) line on the powder photograph at all. 


(11) 
Fig. 3. Sodium chloride (111) planes. 


But the (111) line, although strong, is not 
nearly as strong as several other lines, and 
certainly not as strong as would be expected 
if all the particles were identical. We can 
say then that the sodium chloride crystal is 
probably made up of two different particles 
which do not scatter X-rays with equal 
That all planes with indices all 
planes of different 
same way as the (111) planes 
m the two-dimensional lattice 


intensity. 
odd are interleaved by 
particles in the 
can be seen fro 
of Fig. 4. 


(15) 
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On the other hand, as Fig. 5 shows. all the 
particles lie on the (200) planes. so that all 
can contribute to a strong reflected beam. 


e Na oCI 
Fig. 5. Sodium chloride (200) planes. 


A structure consisting of two interpene- 
trating face-centred lattices does account for 
the intensities of the lines in the sodium 
chloride photograph, and exactly the same 
applies to lithium and rubidium chlorides. 


POTASSIUM CHLORIDE 


It follows that if lithium. sodium and 
rubidium chloride crystals are lattices of 
metal particles and chlorine particles the 
same must be true of potassium chloride. It 
will have been noticed that in the photo- 
graphs for lithium and rubidium chlorides the 
bright lines are not so bright, and the faint 
lines are not so faint, as the corresponding 
lines in sodium chloride. This suggests that. 
in the potassium chloride photograph, the 
faint lines may have disappeared entirely. 

The lines for sodium and potassium 
chlorides are set out in Fig. 6, which shows 
that if the (Akl) values given for potassium 
chloride (Pt II, p. 72, Table II) are doubled. 
then potassium chloride would indeed fit into 
the series from lithium to rubidium. 

But if the planes in potassium chloride for 
which (hkl) are all odd give no lines it can 
only mean that the reflections from a laver 
of potassium particles is completely cancelled 
by the reflections from the interleaved laver 
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of chlorine particles. That is. the scattering 
powers of the two particles are the same. 
Reference to Fig. 2 will show that if all 
the particles were identical the unit cell 
would be a simple cube. with an edge half the 
length of that of the actual unit cell. 

This all fits into place if. in fact, the lattice 
points of all the crystals are occupied not by 
molecules or atoms. but by ions. A potas- 
sium ion and a chlorine ion each contain 18 
electrons. and this equality may well account 
for the failure of X-rays to distinguish 
between them. 


IONIC RADII 


It has already been seen that the decreasing 
spacing of the lines in the photograph (Pt II, 
p. 67) is explicable in terms of increasing size 
of particle as we go from lithium to rubidium. 
If the lattices are ionic and the size of the 
chlorine ion remains constant this presumably 
means that the sizes of the metal ions are in 
the order Lit < Na+ < K+ < Rb+. 

Now that the crystal lattices of the 
chlorides of these four metals have been 
established. the interplanar distance can in 
each case be obtained from the density. 

Reference to the sodium chloride lattice in 
Fig. 2 shows that in each unit cube there are: 

Chlorine ions (D): One at the centre of the 
cube and belonging wholly to it; and one at 
the centre of each of the 12 edges, making 12 
ions. each of which is shared between four 
unit cubes, so that the contribution of the 12 

to the one cube is the equivalent of three 
ions. Thus there is the equivalent of four 
chlorine ions in the unit cube. 

Sodium ions (@): Six at face-centres, each 

shared by two cubes, thus making the 
equivalent of a contribution of three ions to 
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each cube; eight at the corners of the cube. 
each shared by eight cubes. making an 
equivalent of one to each separate cube. 
Thus there are four sodium ions to a cube. 

Each unit cube then contains4+Na: - 401 
Taking the density of sodium chloride as 
2-18 g/em?. the atomic weight of sodium as 23 
and that of chlorine as 35-45. and the number 
of ions in a g-ion (Avogadro's Number) as 
602 x 1022, the volume of the unit cube is 
given by 


4 5845 

| T dits 
Zin 602 . qon ' 
1-78 10 22 em? 


Hence the side of the unit cube is: 
a 5-64 « 10 Sem M4 A 
It may be noticed in passing that by com- 


bining the two expressions: 


d = — 
Vie 


and d F = 


to give 


we can now calculate À. the wavelength of the 
X-rays used. For example, for the (200) 
planes, 


= asin 6 
= 5-64 sin 15:75? 
= 153A 


Now the side of the unit cube. assuming a 
face-centred lattice, is twice the radius of a 
sodium {n plus twice the radius of a chlorine 
ion (see Fig. 5). 


Thus Tiar + fa. = 289 À 


Similar calculations give the shortest inter- 
nuclear distance for each of the salts. In 
order to obtain from these values the radii of 
the ions of the various elements it is necessary 
to make theoretical estimates based on the 
number of electrons and the nuclear charge of 
the atoms. Thus, Pauling gives (J. Amer. 
Chem. Soc., 1927, 49, 765): 


Jon Radius (A) 
Li+ 0-60 
Nat 0-95 
Kt 1:33 
Rb+ 1:48 
Cs+ 1-69 
er 1-81 


CAESIUM CHLORIDE 


A caesium ion has 54 electrons, and there- 
fore its simple cubic structure as indicated by 
the powder photographs cannot be accounted 
for in the same way as for potassium chloride. 
If. however, we consider a third method in 
which there are ions at the corners and the 
centre of the cube, this fits into place. 

Fig. 7 shows one caesium ion at the centre 
of a cube. each corner of which is occupied by 
one-eighth of a chlorine ion. Such cubes 
stacked as shown in Fig. 8 would give à 
structure of two interpenetrating simple 
cubic lattices. 


It will be seen from Fig. 2 that in sodium 
chloride each chlorine ion is surrounded by 
six sodium ions as its nearest neighbours and 
similarly each sodium ion has six chlorines as 
nearest neighbours. In caesium chloride the 
number of nearest neighbours—known as the 
co-ordination number—is eight. This change 
be related to the greater size of the 
ared with the other metal 
on can accommodate 


must 
caesium ion as comp 
ions. ie. the caesium i 
more ehlorine ions around it. 

The line intensities in the caesium chloride 


photograph are also of interest. The (100) 
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line is weaker than might be expected and the 
(110), (211), (310), (321) and (411) (330) lines 
are stronger. 


Fig. 8 


Fig. 9 shows that the (100) planes are inter- 
leaved at exactly half the spacing by planes 
of ions of the opposite kind. As explained 
earlier, the result will be a weakening of the 
line resulting from reflections from these 
planes. 


(100) (110) 


esr 


€ Na oC 


Fig. 9. (100) planes of eaesium ehloride. 
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Fig. 10, however, shows that all the ions 
lie in the (110) planes and so there is a very 
strong reflection from these planes. Further 
analysis in this way shows that for all planes 
for which the sum of h, k and 1 is even there 
should be a strong reflection, but for those 
for which the sum is odd there should be a 
weak reflection. 


(110) 


9 Na o Cl 
Fig. 10. (110) Planes of caesium chloride, 


The (211) line is very much stronger than 
the (200) line, although the sum in both 
cases is even and the angle @ is greater for 
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incident beam of X-rays, each of these planes 
will give two reflections (see Fig. 11) 


— Plane (hk!) 


N 
NPlane (hk/) 


Fig. 11 


Thus there are six orientations of the 
crystal which will result in reflections from 
these sets of planes. They may be repre- 
sented by (200), (020), (002), (200), (020) and 
(002).* But for the (211) planes there are 


24 possible reflections, and this is why the 
line is so strong. 


IONIC CRYSTALS 


Most of the crystals met in the early stages 
of school chemistry are ionic. 


crystals. In all of them thé whole crystal is 
a single assembly of ions. Each ion is held 
in place by the electric fields of its nearest 
neighbours of opposite signs and also by the 
fields of the more distant ions of both signs. 


in place by strong 


pounds such as iodoform, and gaseous com- 


pounds will be dealt with in the next and final 
article. 


* If the rational planes have a negative intercept, 
on the axes, the negative divisors, —, -k, -L, are 
written h, k, Ì (cf. Educ. Chem., 1964, 1 (2), 69). 


Reprinted from Education in Chemistry, Vol. 1, No. 4, 1964, pp. 210-213. 


CHEMICAL BONDS 


IV—METALS, NON-METALS AND NON-IONIC COMPOUNDS 


By N. Bootu, B.SC. 
H.M. Inspector of Schools 


METALS 


Analysis of the X-ray photographs of the 
metals, that is of those elements which 
comprise groups IA, IB and 114, together with 
the transition elements, shows that, with few 
exceptions, they all have one of the three 
Structures: (a) face-centred cubic, e.g. copper 
and silver: (b) body-centred cubic, e.g. 
sodium and potassium; or (c) close-packed 
hexagonal, e.g. magnesium. 

The face-centred cubic and the hexagonal 
lattices can be shown to be the result of 
closest packing of spheres. We have seen 
(Educ. Chem.. 1964, 1(1), 18) that close- 
packed layers consist of hexagons made up 
of six spheres packed around a central sphere 
of the same size. 

The two methods of close packing in three 
dimensions can be demonstrated by making 
three hexagons, each numbered like that 
shown in Fig. 1. Polystyrene spheres held 


Fig. l. Closest packing of equal spheres 
together by lengths of pipecleaner and a 
cold-water glue are very convenient for this 
purpose. One of the hexagons is laid on a 
flat surface—call this layer A—and the 
second hexagon is placed above it, but 
slightly displaced so that its sphere 1 js 
in the gap formed by spheres 1, 3 and 4 
of layer A. We now have layer B above 
layer A. Sphere 1 of the third hexagon 
is now placed in the gap formed by spheres 
1. 5 and 6 of layer B so that layer C is above 
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layer B. If two extra spheres are added— 
one to layer A beside spheres 2 and 3, one 
to layer B beside spheres 7 and 2—it will be 
seen that these additional spheres, together 
with 1, 2, 3, 4 and 7 of layer A, 1, 2, 3 and 
7 of layer B, and sphere 2 of layer C, form 
an incomplete face-centred cube. The cube 
would be completed by placing a fourth 
hexagon under layer A and directly below 
layer C. 

If, however, layers A and B are laid 
down exactly as before, but layer C is 
immediately above layer A, i.e. layer C is 
set so that its sphere 1 is in the gap between 
spheres 1, 6 and 7 of layer B. we have 
hexagonal close-packing. The two arrange- 
ments can then be represented thus: 

face-centred cubic—A,B,C; ABC . .. 

hexagonal close packing—A,B; AB; ... 

Examination of both lattices constructed 
in this way will show that each sphere is in 
contact with 12 others. In fact, sphere 1 
of layer B is in contact in the face-centred 
lattice with the following: spheres 1, 3 and 4 
in layer A; spheres 2, 3, 4, 5, 6 and 7 in 
layer B; spheres 1, 2 and 3 in layer C. 
In both these structures the co-ordination 
number is 12. In a body-centred cubic 
structure, however, the co-ordination number 
is 8, that is to say, the packing is not so 
tight. 

When teaching the subject in schools the 
correlation of many of the physical properties 
of metals and alloys with the established 
structures could be discussed at this point, 
and the ‘metallic bond’ be introduced. 


NON-METALS 

The structures of most of those non- 
metals which are solid at ordinary tempera- 
tures have been elucidated by X-ray analysis, 
but only carbon will be dealt with here. In 
the form of diamond, carbon was one of the 


first crystals to be investigated by W. H. 
Bragg and W. L. Bragg. 
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Analysis by powder photographs, in exactly 
the same way as previously described for the 
alkali-metal halides (Educ. Chem., 1964, 1(2), 
71), shows that diamond also belongs to the 
cubic system and further that it has a lattice 
of two interpenetrating face-centred cubes. 
The lines A-A in Fig. 2 are drawn to indicate 


Fig. 2. Unit of diamond lattice 


y atoms at the corners of the 
Lines B-B indicate planes 
formed by atoms at the centres of smaller 
cubes. Ifa face-centred unit cube is divided 
into eight small cubes and a carbon atom 
placed at the centre of alternate small 
cubes, the diamond lattice is given. It can 
be built up from the units shown in Fig. 3, 


planes formed b 
smaller cubes. 


Fig. 3 

the small cubes being constructed from 

cellulose-acetate sheet, and the whole and 

part spheres being of expanded polystyrene. 
Fig. 4 shows the assembled lattice from 

which it can be seen that each carbon atom is 
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Fig. 4. 


surrounded by four other carbon atoms 
situated at the corners of a regular tetra- 
hedron. It should be noted that in reality 
the atoms are most probably in contact or 
almost so. They are separated in this 
model only so that their arrangement can 
be seen. Fig. 5 shows 12 of the smaller 


Fig. 5 


cubes assembled and demonstrates that the 
lattice is face-centred. Exactly similar cal- 
culations to those used in the previous 
examples in this series (Educ. Chem., 1964, 
1(3), 154) give the separation of the atom 
centres as 1-54Å. This gives an atomic 
radius for carbon of 0-77À. Silicon and 
germanium are found to have structures 
similar to that of diamond—a giant molecule 
of atoms bound together tetrahedrally, 
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It is not proposed to discuss here the 
nature of the bond between the carbon 
atoms in diamond except to underline the 
significance of the co-ordination number of 4. 
It is never found necessary to postulate a 
co-ordination number greater than 4 for 
carbon, although the number is frequently 
less, no matter with what other atom or 
atoms it is combined. Thus, the factor 
which limits the number of atoms that may 
be accommodated around a carbon atom is 
not, as was the case with ionic compounds, 
the relative sizes of the atoms. 


SIMPLE MOLECULES 


The board described in the first article 
in this series (Educ. Chem., 1964, 1(1), 21) 
may be used again as a simple introduction 
to this topic. In this case additional holes 
are drilled in the board at 2-cm intervals 
along the centre line and three combs are 
used, one originating from each of the two 
vertical arms and the third from the central 
horizontal line. 

If we refer to these combs as A for upper 
vertical, B for lower vertical and C for 
horizontal and use them in pairs we have 
the following possible coincidences: AC, BC, 
AB. Putting A in the seventh hole, B in 

the seventh hole and C in the second hole, 
the results given in Table I are obtained ; 


TABLE I 


Distance (em) 3:5 75 | 105| 13-5 0 


Combination AB | AB 

AC | Bc | AG | 22 A 

AG] AC | AC 
Re LU EP op 
the distances to the point of coincidence are 
measured as the perpendicular distance from 
the point of coincidence to the centre line, 
When this is repeated for A — 5,B— 5, 
and C — 4, the results given in Table II are 


TABLE II 
— 


Distance (cm) | +8 | os | 12-8 | 14:0 0 


AC | AB | AB 
BC | 


Combination | AB | AB 
BC 
AC 


| 
———————————— 
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77: 27 77 
7" 77 7 77 ae 
4 
27 a 2 n 
0 3:5 £5 105 13:5 
55 
E 54 
45 
55 55 [* 
0 48 93 128 140 
Points of coincidence 
Fig. 6 


obtained. Fig. 6 shows how these can be 
represented diagrammatically. The pattern 
obtained depends, as to position and inten- 
sity of lines, on the arrangement of the 
points of origin of the three combs. This 
again is the principle of the method of 
determining the shapes of gaseous molecules 
with X.rays. A beam of X.rays falling 
on a molecule will be scattered by the atoms 
which compose it; each atom acts as a point 
of origin of secondary X.rays in the same 
way as the selected holes on the board act 
aS points of origin for the combs. The 
positions of the maxima and minima, recorded 
on a photographie plate, will allow us to 
caleulate the positions of the atoms, provided 
the wavelength of the X-rays is known. 

It should be noted that, as it stands, the 
above is only strictly correct if we have 
a single molecule motionless in space. 
Real experiments have, however,, to be 
carried out with a very large number of 
molecules, each of which has three possible 
modes of motion: translation, rotation and 
vibration. In addition, the atoms are not 
points but have a diameter comparable to the 
wavelength of the X-rays used, and the 
combined effect of all these factors is to 
reduce the variations of intensity on the 
photographic plate, but not, however, to 
make them disappear entirely. 

In general it is found that the greater 
the atomic weight of an atom the more 
effective it is in scattering X-rays although 
it would be more accurate to say that the 
intensity of scattering depends on the 
average electronic density. 

One of the first molecules to be investigated 
by X-rays was carbon tetrachloride by 


P. Debye in 1930. a very appropriate 
molecule to use since it contains four atoms 
of fairly high atomic weight, and there was 
already ample evidence that its structure 
was tetrahedral with a CI-Cl distance of 
2.994. It was therefore possible to calculate 
a theoretical distribution of the X-ray 
diffraction pattern and also of the intensities 
of the various expected maxima, and to 
compare the calculations with the results 
obtained by experiment. Agreement within 
one per cent was obtained. As was expected. 
when chlorine atoms were replaced by hydro- 
gen atoms to give successively CHCl. 
CH,CL and CH,CI, the maxima became less 
distinct but it could nevertheless be shown 
that the CI-Cl distance increased slightly 
with decreasing number of chlorine atoms. 
The result of all this ‘was to confirm the 
tetrahedral structure and strongly to suggest 
that the bond angles increase slightly as more 
chlorine atoms are introduced, as though 
these atoms were repelling each other. 

This early work on carbon tetrachloride 
| of most investigations of molecular 


is typica i n 
Most organic mole- 


structure by X-rays: 
cules, for example. are complex structures 
by comparison with the inorganic salts. 
and X-ray analysis has generally been used 
the final check on information 


to provide 0 
thods of analysis. 


gained by chemical me i 
Thus. for example. X-ray analysis has shown 
that benzene is a flat. regular hexagon with 
all six hydrogen atoms in the plane of the 
hexagon and with each CCH angle 120°. 

The most dramatic use of X-rays 1s In the 
unravelling of the structures of the molecules 
found in living creatures, with. the result 
that it is becoming clear that beneath the 
f living forms lies a relatively 
of molecules which undergo 
in organisms as 


great variety 0 
small number 


similar chemical changes 
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diverse as a virus and a mammal. The 
problems posed by such complicated struc- 
tures as protein molecules can only be fully 
resolved by X-ray analysis. i 


CONCLUSION 

An attempt has been made in these four 
articles to show how it is possible in schools 
to give a simple and yet reasonably thorough 
and valid introduction to what might justly 
be described as the most fruitful scientifie 
weapon of the 20th century. 

Analysis of X-ray photographs of the 
simpler struetures is well within the grasp of 
pupils in the sixth forms of our schools, and 
a qualitative interpretation possible before 
this. It would be helpful if a small booklet 
was produced containing X-ray photographs 
ranging from powder photographs of the 
simpler ionie compounds to those of one or 
two biochemical structures. 
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l. the University of London, experi- 
mental and theoretical courses in structural eryst: 
raphy are given at two levels. 
and evening graduate courses intended for speci: 
two of which are complete two-year intercollegi 
courses covering every aspect of modern c allog- 
raphy. One of these, based on Birkbeck Collegé, has a 
physical-chemical slant; the other, at the Battersea 
College of Technology, a metallurgical bias. 

The various component Colleges of the University 
also teach chemical crystallography to their chemistry 
undergraduates, but usually only in the form of lecture 
courses. At University College, however, the under- 
graduates themselves asked for a practical course; 
and the following article gives an account of such a 
25-hour course which has now run annually for over ten 
years. The aim of the exercise is to make chemistry 
students appreciate the fundamental theory basic to 
diffraction analyses of atomic or molecular crystal 
structures, to rea. the potentialities of various tech- 
niques and to form a personal judgment of their accu- 
racy; it also gives students the chance of handling 
erystallographie equipment. 


ate 


Preliminary Lecture Course 


; The practical course is preceded by a few lec 
in whieh the structures of simple atomic and ionic 
crystals are described Systematically and their chemical 


relevance discu ; the Bragg relation is derived and 
applied to the various 


and the use of diffractio; 


tures 


[3 


-group theory, 
; and are shown how the diffrac- 


dent upon the distribution of 
simplest types 
when there are no vari 
are in special positions.) 
when there is only one variable 
when the attainment of a preliminary Structure 
suitable for refinement by computer, depends upon the 
use of modern techniques of phase determination. 


able parameters. (All atoms 


parameter (or a fey js 


The Experiments 


Usually the students work in pairs, 3 or 4 pairs being 
in the laboratory at any time and each student spending 
5 hours a day for five consecutive days on the practical 
course. The-whole class is first shown all the 
ment in the laboratory, 
not aetually use (such 
apparatus, 


equip- 
including some that they will 
as a crystal-sphere-grinding 
low-temperature and multiple-exposure 
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Crystal Structure Analysis 
for Undergraduates 


phetogoniometers, Geiger-counter diffractometers, ap- 
paratus for measuring magnetic susceptibilities, ete.) 
and are told something of the various research problems 
in progress. They are shown an X-ray tube in pic 
and are given special instructions about safety preenu- 
tions and the importance of avoiding N-ray exposure of 
any part of the body and especially the fingers. The 
apparatus is, of course, made as foolproof and accident- 
proof as possible, but it is nevertheless regarded as very 
important that students should know what precautions 
have been taken and the reasons for each of them. 

The problems undertaken, in alternate years, are the 
determination of the structures of urea and hexamethy- 
lene tetramine. The students begin with the crystals 
(dimensions about 0.5 mm each way) and end with a 
Fourier electron-density map from which the stereo- 
chemistry can be seen at a glance and the interatomic 
distances and angles measured with an accuracy of 
about 5%. In the ease of (tetragonal) urea, half the 
class determine the projection along the ¢ axis [001], 
the other half that along the a axis [100], so that by 
comparing notes they have the full geometry of the 
structure (see Figs. 6, 7). In the case of hexamethy- 
lene tetramine, C;N,H;s, all the class determine a cube- 
axis projection (see Fig. t 


Figure 1. Cardboard model show- 
ing idealized shape of urea crystal, 
symmetry 42m, 


Figure 2. Ball-and-spoke model 
of urea crystal structure. The long 
spokes indicate the outline of one 
unit cell and the general directions 
of the NH - : - O bonds. 


Urea, CO(NH,)s is water soluble and erystallizes in 
Space-group /^12,5..— Crystals, a cardboard model of an 
“ideal crystal” (Fig. 1), and a ball-and-spoke model of 
the crystal structure (Fig. 2) are provided for examina- 
tion of the geometrical relationships between them. 
The students carry out the following experiments, not 
necessarily in the order given (since they must use 


certain of the apparatus by turn) but always in a logical 
order. 


Observations sing a polarizing microscope. 

Measurement of single-crystal density, by flotation, 
Measurement of interfacial angles using an optical goniometer. 
Determination of the size and shape of the unit cell and the 
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number of molecules of COUN Ha): in it (Laue and rotation X-ray 
photographs). 

Comparison of a powder photograph with the spot positions and 
intensities on a rotation photograph and indexing of the powder 
lines. 

Indexing of zero-layer-line spots on the rotation photograph 
and estimation of their intensities. Reduction of data to give 
TALAKO} or [AOLD. 

Optical synthesi; yed structure factors, using phase 
data provided (sc: 1 À). 

Measurement of interatomie and intermolecular distances and 
vation of the general shape of the molecules in relation to 


“structure factors 


obse 
their packing. 


Urea is uniaxial, with straight extinction when 
mounted with the prism length (the c axis) parallel to 
the microscope stage. It is seen that if one of the 
pyramid faces is taken as (111) then the prism faces 
are {110}, and a rough measurement of either of the 
angles (112): (1H) or (111): (110) can be used to give 
an approximate value of the axial ratio c/a, to be 
compared later with the more accurate determination 
by optical or X-ray goniometer measurements. Stu- 
dents realize that quite simple polarizing-microscope 
measurements may sometimes be used for nondestruc- 
tive determinative chemical identification. 

Density by Flotation. The students select small 
single crystals, if possible without inclusions or bubbles, 
and use liquids respectively less and more dense than 
the specimen, and in which they are not soluble, as 
components of the flotation mixture. The advisability 
of accepting the maximum density as correct (since 
bubbles tend to decrease the density) and the necessity 
of measuring and recording the ambient temperature 
are pointed out. l'or more ex ct methods, students 
are referred to the appropriate section of Volume III of 
"International Tables for X-ray Crystallography” Go). 

The use of density as à check on identification of 
a very small quantity of material and for purposes of 
molecular weight determination Is indicated. ; 

Optical Goniometer. This instrument provides a 
means of measuring interfacial angles, the aceuracy of 
which is dependent upon the perfection of the faces; 
in many cases, it can permit easy nondestructive 
identification of well-crystallized materials. It also 
familiarizes students with the use of goniometric crys- 
tal holders by means of which centering and orientation 
can be controlled, and a modified form of which they 
will meet subsequently on the X-ray photogoniometer. 
It does help them to see visually, by means of micro- 
scope and telescope attachments, what will later be 
happening to the X-ray incident and diffracted beams 
as the crystal is adjusted on its sliders and ares. 

Laue Photograph. The mounting of a film or of a 
pack of films in à cylindrical camera will be new to 
students and should be practiced first with old films in 
cop m photographs have to be taken with either 
the (001) axis vertical and [110], (110) in turn along 
the incident beam or à [100] vertical and [010], [001] 
in turn along the beam. The erystal setting is made 
using & small microscope fitted on to the photogoni- 
ometer and will not usually be more than approximate. 
The final adjustment to bring [001] or [100] exactly 
vertical is made from the X-ray photographs since 
the crystal photograph should be symmetrical about à 
horizontal line. The original setting of a face (110) 
parallel to an are of the goniometer head and then 


normal to the incident beam, which has to be done 
by eye, is not critical. The final adjustment of the 
crystal on the arcs, which must be done after measure- 
ments of the photographs and calculations from them. 
must be exact if good rotation photographs, suitable 
for intensity measurement, are to be obtained. The 
calculation for adjustment is simple and a good student 
should not need to be told the necessary formula but 
may have to be warned to choose a pair of spots above 
and below the equator which are as near as possible 
to the vertical plane through the incident beam and 
the arc parallel to it. 

The similarity of the two Laue photographs both 
taken with (001) vertical and at right angles to each 
other, proves the existence of the fourfold symmetry 
axis. The presence of diffuse streaks and spots, as 
well as sharp Laue spots, even on a 15-min photograph 
(Fig. 3) is evidence of thermal vibrations of large 
amplitude. 


Figure 3. Lave photograph of urea single crystal, taken with white radia- 
tion containing a CuK characteristic component, which is responsible for the 
diffuse streaks, these being due to molecular vibrations. The [001] is 
vertical; the [100] is nearly along the incident beam. Exposure time, 15 
min. 


Figure 4. Rotation photograph of urea, [001] vertical, showing layer lines 
hk2, hkl, hkO, hkī, hk?. CuKa (filtered Ni). 


Rotation Photograph. Once the crystal has been 
accurately set, [001] or [100] vertical, the taking of a 
rotation photograph is simply a matter of inserting a 
Ni filter to eliminate CuA (and some continuous) 
radiation, releasing the crystal spindle, and of exposing 
to the CuKa incident beam for about 30 min (Fig. 4) 

The films are processed at a standard temperature 
in a thermostatted darkroom, and the critical effect 
of temperature on the chemical reactions involved s 
photographie processing is pointed out. So also is Te 
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(differential) effect of humidity on the dimensions of 
the film after processing and at the time of measure- 
ment. This is more critical than temperature and is 
often overlooked even by experienced research workers. 
It is one of the main reasons why standard marks on the 
film are required in precision work. 

The following sets of measurement are made on the 
processed film when it is dry: 

Averaged distances y, between pairs of layer lines 
n and ñ: hence a calculation of the repeat (identity) 
distance c or a (A). 

Distances x between pairs of similar spots along 
the equatorial layer-line; hence a calculation of the 
Bragg angles 8 and the spacings d (A). 

Intensities / (averaged for each pair) of the equatorial 
layer-line spots, by eye estimation using a comparison 
intensity scale which is provided (2). 

The Table of d and / entered into the laboratory 
notebooks should contain a column into which the 
indices 440 or AO! will be subsequently entered. 

Powder Photograph. A few small crystals are ground 
very finely using an agate mortar and pestle. Mixed 
with a little cellulose acetate, the powder can easily be 
rolled into a cylinder of size about 1- X Ve X 1/4 mm?, 
This specimen is then centered on the camera spindle, 
with its cylinder axis vertical, and a Ni filter inserted 
for the exposure. It is educationally helpful to use not 
a "strip" but a full cylindrical film for the powder 
photograph (Fig. 5) so that the latter can be super- 
imposed on the well-set (or mis-set) rotation photo- 
graphs and the positions of lines and Spots compared 
and so that the effects of preferred orientation can be 
understood even if they are not actually observed. 
The appearance of a 
Strip can of course be 
shown by masking, and 
the special features of 
a normal "strip" powder 
camera demonstrated. 
The intensities of powder 
lines and rotation spots 
should also be compared 
and the necessity of a cor- 
rection for multiplicity 
on powder photographs 
Will be appreciated by 
reference to an offset 
rotation photograph. 

Size and of the Number 
Since urea is tetragonal, 
's may be demonstrated 
hs and by optical gonio- 


Figure 5, Powder photograph of 
urea, CuK (filtered Ni) radiation, 


Determination aof Cnit-cell 
of Molecules in the Unit Cell, 
a = béc, a=B= 909. Th 
by orthogonal Laue photograp| 
metric measurements. 

Students working with the prism axis 1001 | as rota- 
tion axis will have determined c from layer-line 
tions. They determine a from the d(hk0) value 
ured from the equatorial layer-line Spots. It is found 
that odd orders of 400 are absent. This is evidence 
of two-fold serew axes (2;) parallel to [1100] and 1010). 
The indices A40 of all spots on the zero layer line 
are easily determined. The row lines connecting A40, 
hkl, hkl, hk2, ete. on successive layer lines are. easily 
recognized and this facilitates the indexing of all the 
hil reflections. 

The value for a (=b) has 


epara- 
meas- 


been determined from layer- 
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line separations. The value for c is determined from 
the d(Ok!) values measured on the equatorial layer line. 

The reflections on the Ist, 2nd, ete., layer lines will 
be 141, 2kl, ete., and can usually be identified by inspec- 
tion, as above. The difference in certain multiplicities 
for rotation and powder reflections may be pointed 
out. 

When all the Akl spots on the rotation photograph 
have been identified, superposition of the powder photo- 
graph will identify the powder lines; and intensities 
ually compared. ‘The powder line intensities 
are then listed as VS, S, IS, M, MW, W, VW. The 
use of charts and other independent means of identify- 
ing indices of lines on powder photographs generally 
can be mentioned, but in this short course there is 
no time to attempt these in practice. References to 
suitable books (see Bibliography) are of course given, 
and the use of powder photography in the “fingerprint 
method” of chemical identification, using the ASTM 
index, or a direct comparison method, is again empha- 
sised. This is probably the principal future use of 
X-ray techniques as far as the majority of chemists 
are concerned. 

Given a, c, and the density p, the number n of 
CO(NH:): molecules in the unit cell is derived from 


acp = nM/N 


where M is the molecular weight and N = 6.024 X 
107, 

Optical Synthesis of Structure. 
tor” F (on a relative s 
obtained from the obser: 


The “structure fac- 
cale) for each reflection can be 
ved intensity J as follows: 

23 
29 ipisonstnt 


ES p.lt 

sin 29 

where the unknown constant is independent of angle 

apart from an absorption factor which is negligible 

except for more refined structure analyses. The 

angle factor, which allows for the polarization of the 

X-ray beam and the period of reflection time of each 

plane, is obtained from tables to which the students 

are referred (3). P is the multiplicity, with which 
they should have become thoroughly familiar. 

Each P value represents a scattered wave in a par- 
ticular direction, of an amplitude dependent upon the 
distribution of scattering matter relative to the set of 
(hkl) planes giving the spot in question. 
represented, as a sine function, 
fringes of suitable contours. An optical reconstruction 
of the projected crystal structure can be made by super- 
posing, photographically, on a single sheet of film or 
paper, as many sine waves as there are reflections ob- 
served on the equatorial layer line ((AkO) for an [001] 
projection (Fig. 6); (0k) for a [100] projection (Fig. 
7). 'lhese fringes must have the correct relative 
spacings (wavelength proportional to d(hkl) ), orienta- 
lions (corresponding with the relative orientations of 
the reflecting planes), amplitudes (exposure times pro- 
portional to F) and phases. The phases are supplied. 
They cannot be directly observed by the student and 
ure obtained in this case by calculation from a trial 
Structure; the student does not have time in this 
course to carry out these calculations. 
äs an exercise on some other occasion. 

There are various devices available for making such 
optical Fourier syntheses, for example, by means of 


It can be 
by a set of optical 


He may do so 


Huggins’ masks, Lipson’s X-ray microscope, or the 
von Eller photosommateu We use the latter (1) 
in which the origin of the sine wave is a line source of 
light passing through a specially-designed diffraction 
grating. This is movable on an optical bench, to and 
fro (for adjustment of spacing) or from side to side 
(for adjustment of phase). The photographic paper 
is in a cassette capable of rotation normal to the opti- 
cal bench length and carrying with it a mounting to 
which can be fastened a "reciprocal net," made by the 
student on a seale that will give a final reproduction 
in which 1 em = 1 À. This can be found by trial be- 
fore the course begins, together with a suitable total 
exposure time, the latter being fairly critical if a good 
picture is to be obtained. 


Figure 6. Optical synthesis of urea structure, projected along [001]. 


Fi 7. Optical synthesis of urea structure, projected along [100]. 
igure 7. 


obtained the (001) and the 
rojections (Figs. 6 and 7) should now compare 

ms Ph each other and with the ard Le 2) of 
the structure as à whole. They can ev pu Y te < 
ure, from their photographs, per m Jando 
intramolecular distances and NH- ; ger c- 
lar distances, and can calculate the actua dis ances; 
ord » ean determine the atomic coordinates from the 
dun. hg and hence calculate the bond lengths. 
E ye compared with similar bond lengths in 
ue conpsaids by reference to Tables aa (Tables 
] Lengths between Carbon and other elements) 

4 "d IT ^ International Tables for X-Ray Crystal- 


The students who have 


lography." This will give the students some idea of 
the meaning (and accuracy of measurement) of bond 
lengths in relation to chemical constitution. 

Hexamethylene tetramine, CeNsHy, is very soluble in 
water, slightly soluble in alcohol and is best crystal- 
lized from a weakly aqueous alcohol solution. The 
stals are cubic, space group /43m. 

The experimental pro- 
cedure is rather similar 
to that for urea, except 
that all the class deter- 
mine a cube-axis projec- 
tion (Fig. 9) by setting 
their crystals with the 
short diagonal of a (110) 
face vertical. This is 
AB in Figure 8, which 
shows the habit, having 
twelve similar {110} 


Figure B. Diagrammatic represento- 


tion of hexamethylene tetramine 
crystal, as mounted on glass fiber for 
Loue or rotation photograph. 


faces. It would be quite 
useful if one-half of the 


class were to set CD 
vertical, thus obtaining a (110) projection. This, 
however, is a little more difficult to visualize in relation 
to the cubie symmetry. 


Figure 9. Optical synthesis of hexamethylene tetramine structure, 
projected along [100]. 


Since hexamine is isotropic, it advisable, when 
making observations with a polarizing microscope, to 
give the students a few crystals of urea so that the 
optical behaviour of the two substances may be com- 
pared and contrasted. The c/a axial ratio for urea 
may also be measured. For hexamine it is checked 
that the angles CAD or CBD, which are 1091/:°, can 
be measured with an accuracy of about 1 in 200 by 
lining up each face edge in turn with a crosswire (this 
assumes that a graduated mieroscope stage is available). 
Crystals of dimensions about !/;- X t/a- X !/, mm? 
should be selected for X-ray work and of about twice 
this size (linear) for optical goniometry. A few good 
small erystals without visible inclusions or internal 
bubbles are also selected for density measurement. 

The procedure is then very similar to that for urea, 
except for the following points: 

Since hexamine is frequently rather "perfect," 
the crystals used for X work need to be first dipped 
in a little liquid N» (or liquid air) in a watehglass, in 
order to make their texture more “mosaic.” Theory 
and experiment have shown that the intensity of reflec- 
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tion from a perfect crystal, which shows strong “extinc- 
tion” due to multiple internal reflection and other 
causes which attenuate the primary beam, may be 
several times less than that from a mosaic crystal. 
Students may be shown X-ray photographs illustrating 
the "before" and “after” effects of this sudden thermal 
shock. Even urea diffraction intensities may some- 
times be improved by similar thermal treatment. 

Since for any cubic crystal 1,/d* = (h? + k? + P) a? 
= (4sin?@) A?, it follows that the values of sin? @ deduced 
from a powder photograph of a cubic crystal will be 
found to be proportional to all or some of the possible 
values of (A? + k? + L) where h, k, and / are integers. 
This enables the diffracting planes to be indexed (hkl), 
the lattice type to be identified and the value of the 
lattice constant a to be determined, given À. 

All three cubic lattices are readily identifiable from 
the first three reflections of a misset rotation photo- 
graph since the multiplicities observed will be 
DAE] 100 mo — 1011 200 210 


Pow 


220 300 310 


12 N) 6 24 12 6 24 
I (2 ü 12 era 24 
F xs 6 12) 3 s 


General multiplicities for the 43m class of the cubic 
system are 


HOD; RON {hhh} ShkO} {hhl} {hkl} 
ü 12 X 24 24 48 


The differences between the lattices are due to the 
following conditions: 


P allhkl reflections may be observed. 

I only Akt where h+-k+1 is even are present, all 
others have zero intensity. 

F only hkl where h, k, Lare all even or all odd are 
present; all those with mixed indices are of zero 
Intensity 

| The stude note that for cubie crystals a second 

kind of multiplicity y occur where A, k, L may be 
two or more different of integers for the same value 
of hee. Thus h? 4*4? = 18 will correspond 
to both [120] and Hint, These would coincide on 
powder or on. [10] rotation photographs, but would 
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be differentiated on a Weissenberg (moving film) 
photograph about ]110] or on a [100] rotation photo- 
graph. 

The main result achieved by this exercise, apart 
from those already mentioned for urea, is the realiza- 
tion of the very high symmetry of the C;N,;IH;; mole- 
cule (Fig. 9). The equality of all the carbon atoms 
cannot be brought out by the formula as printed even 
in a structural form. It can only be seen in a spatial 
representation. The C—N distances as measured 
from the optical projection may he compared with 
those found for urea, and as recorded for other com- 
pounds containing this bond. The significance of the 
body-centered arrangement of these nearly spherical 
molecules in relation to intermolecular bonding should 
be pointed out in contrast with adamantane, Cullis, 
which is face-centered cubic. 
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Section 4 


F, A, Cotton, in the introduction to his paper on — 
"Ligand Field Theory", states that the presentation 
of this theory in a first college chemistry course can- 
not be said to be essential. Nevertheless, this theory 
has had such a profound effect on inorganic chemical 
research in particular that all chemistry teachers — 
should have at least some acquaintance with it. This 
article is the best available introduction for any 
chemist not yet familiar with the theory. 

The article by E. L. Eliel, gives the content of two 
lectures on the principles of stereochemistry to first- 
year college students with little knowledge of organic 
chemistry the aim being to make the student realize 
why a reaction may be stereo-selective or stereo- 
specific. This approach, which contrasts with those 


Stereochemistry 


in which great emphasis is placed on optical rotation, 
is justified by the fact that most of the major com- 
ponents of living matter are disymmetric and are so 
generated in biochemical syntheses, 

The last decade has seen a great advance in our 
understanding of the three-dimensional structure of 
organic molecules. H. L, Allinger's paper suggests 
the content of a two or three-hour lecture introduction 
to conformational analysis which could greatly 
stimulate the student's interest in organic chemistry. 
Further ideas on presenting the subject will be 
found in G. Baddeley's paper which indicates the 
type of evidence on which our ideas concerning 
stereochemistry are based. 


Libra y 


qm. 
«E Wey 


F. Albert Cotton 
Massachusetts Institute of Technology 
Cambridge, Mass. 


The presentation of ligand field theory in 
the first college chemistry course cannot be said to be 
essential. If time is limited, or if the ability of the 
students and/or their interest in chemistry as a pure 
science rather than as-a branch of useful knowledge are 
not well above average, I believe there are many other 
topics which can be more profitably discussed. There 
is time enough in later years of the chemistry cur- 
riculum for those. who do elect chemistry as a major 
Subject to tackle this aspect of it. However, in a 
thorough sort of course, taught to a select, science- 
oriented group of students, the subject of ligand field 
theory might form an interesting and stimulating part. 
Certainly it is an important part of the “vocabulary” 
of modern theory which teachers should know so that 
their presentation not be erroneously simplified at any 
level. It is important, however, to present it in such 
& way as to avoid creating false impressions about 


y in precept 
this subject 
riate in the 
some points 
ucing ligand 


and partly in example, a Presentation of 
which is primarily intended to be approp 

e, but it also Taises 
Tn to those introd 
field theory to students at any level. 


r an be defined 
the origins and (2) the conse ned as the theory of (1) 


for ions of the first transition seri 1 

for ions of the second and third e oe de 
considerable degree, it is possible 
parts of ligand field theory Separately; this has the im- 
portant consequence that many of the significant and 
relatively straightforward results of d-orbital splittings, 
e.g., ligand field stabilization energies, stereochemical 
preferences and, of course, spectroscopic and magnetic 
behavior, can be discussed pragmatically without neces- 
sarily going very far into the inherently difficult. and 
tedious question of what causes the splittings. Of 
course, a truly rigorous discussion of all the conse- 
quences of inner orbital splittings could not be given 
without intimately interweaving an examination of the 
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Ligand Field Theory 


causes, but for most undergraduate courses—and cer- 
tainly for the introductory course—such rigor and com- 
prehensiveness are unnecessary. 


Causes of Inner Orbital Spittings 


The possibility that the degeneracy of atomic orbitals 
will be significantly split when an ion is placed in & 
chemical environment was first suggested by Bec- 
querel (1) and the problem was then examined in con- 
siderable detail by Bethe (2). Bethe's work consists 
of two parts: first, in one of the earliest applications of 
symmetry arguments to a chemical problem, Bethe 
determined the qualitative nature of the orbital split- 
tings for various important geometries. These quali- 
tative results are correct whatever the mechanism 
(electrostatic, or covalent, as discussed presently) 
which brings them about. For d orbitals, in several 
important geometrical situations, they are as follows: 


In both octahedral and tetrahedral surroundings, the dry, 
dzz, and dyz orbitals remain equivalent, as do dzi—y: and dz? 
orbitals. 

In square surroundings, the dzz and dy; orbitals remain equiv&- 


lent, but the dzy, dz:— y: and dz orbitals are not equivalent to any 
others. 


Bethe obtained these and other results by formal, 
group-theoretical methods, but they can also be ob- 
tained, or at least their correctness strongly suggested, 
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by informal, pictorial arguments, requiring only the 
common sense! any bright freshman should have. To 
do so, it is first necessary to present pictures showing 
the shapes of the usual five d orbitals, Figure 1. In 
addition, it should be pointed out that the d.: orbital 
can be regarded as a combination, in equal parts, of two 
orbitals, d:_. and d:-,», each of which is shaped like 
the other four d orbitals; this is illustrated in Figure 2.? 
It is now supposed that the metal ion is placed in an 
octahedral array of six ligands, as shown in Figure 3. 


Gey y dy: z dur z 
Gy GO EU 


ictures of the conventional set of d orbitals. The sur- 
ie à major part—say, roughly, 90%—of the 
amplitude of the wave functions. The sign of the wave functions in each 
lobe is shown. Since the distribution of electron density is given by V^, it 
will in each case be quite similar to the shape of.the wave functions of the 


orbitals. 


bed 


d 2y? 


Figure 1. 
faces are drawn to enclos 


2.52 
Figure 2. Drawings showing how the di? orbital consists of a d:t- z? and 


a d.t .. y1 orbital in equal proportions. 


It should not be hard to see that the dis sa, and 
d, orbitals are all oriented in one way in relation 
to the six ligands, while the dzy, dz: and dy: orbitals 
are all oriented in à second way. Specifically, all those 
in the first set have each of their lobes going toward a 
ligand atom, while each one in the second set has each 
lobe going between ligands. Thus, we get the result 
mentioned above that the dzy, dre and dy: orbitals are 
equivalent to one another, whereas the day and de 
(being made up of equal parts of the equivalent pair 
da-,s day) are different from the first three, but 


equivalent to one another. 


have remarked that "group theory 
» which is not too great an 


1 Someone is supposed to 
is just organized common sense, 
exaggeration. ` DES - 

ic details, see Corron AND WILKINSON, page 
ora. Tt algebra ry to make this breakdown of the der orbital 
in order to demonstrate by the pictorial argument that dz: and 
dz —,: are not only different from the other three, but also are 
are Dot, another. It is to be stressed, however, that the 
de. + and dz: y: orbitals have no actual existence. along with the 
ater four, since there can be only five independent nd wave 
functions. 


Similarly, for a tetrahedral set of four ligands, ar- 
ranged as shown in Figure 4 at alternate vertices ‘of a 
cube,? it can be seen that the dzy, dzz, and dy: orbitals 
stand in one sort of relationship to the ligands, namely, 
with their lobes pointing to cube edges, while the 


Figure 3. The arrangement of the six atoms in an octahedral com- 
igand 5 in an octah coi 
plex in relation to the same Cartesian coordinate system used in Figures 
si rdi ystem used in Figure: 


Figure 4. The arrangement of the four ligand atoms in a tetrhaedral com- 
plex in relation to the same Cartesian coordinate system used in Figures 1 
ond 2 Note how the tetrahedron is composed of four altemate comers of 
a cube. 


Figuré 5. The arrangement of four li i 
: gand atoms in o square i 
relation to the same Cartesian coordinate system used in Cr iu 


deu da, and di, orbitals stand in another re- 
lationship; namely, their lobes point to the centers 
of eube faces. Hence, again, we conclude that d 
dzz, dy: form one equivalent set while d,:_,: and d. fe A 
a second equivalent set. j ou 
Finally, it can be seen that the dz: an i 
both have the same relationship to CHR d 


corners of a square in Figure 5, that both d and 
— 


? The usefulness of this way of lookin, 
Á Y t edr 
many purposes besides the present one, is wh pe for 
g. 
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ds, have a second relationship to the ligands and 
that each of the two remaining orbitals is related in 
still different ways. 

The question now arises as to how much the energies 
of the nonequivalent orbitals, or sets of orbitals, may 
differ. It must be assumed that if two orbitals, even 
if intrinsically similar, are differently oriented toward 
their surroundings, there will, in principle, be some 
difference in the energy of an electron depending on 
which of them it occupies. 

The second part of Bethe’s paper offered an answer to 
this question based on the assumption that the ligands 
can be treated as point negative charges, a model which 
has often been considered to represent the chemist’s 
concept of purely ionic bonding. (In fact, it does not, 
as will be seen.) Using this model, it is easy to see that 
qualitatively, an electron in an orbital whose lobes 
point at the negatively charged ligands will have a 
higher electrostatic potential energy than an electron 
in an orbital whose lobes point between ligands. In 
otlier words, the former orbital is a less stable one and 
lies higher on an energy level diagram of the usual type 
than does the latter orbital. Figure 6 illustrates these 
results for the octahedral, tetrahedral and planar cases. 
It should be noted that for the square environment, the 
ordering of the orbitals is not exactly fixed by the sym- 
metry alone, but depends in certain respects (c.g., as to 
whether the d, orbital lies above or below the d;, 
orbital) on the physical details. The arrangement 
shown in Figure 6 is the one -believed to be correct in 

most real cases. More generally, the relative stabilities 
of a series of inherently similar orbitals will vary in- 
versely according to the extent to which- they bring 
the eleetron into proximity with the negative ligands. 
The argument may be generalized to include not only 
negatively charged ligands, but dipolar ones, which will 
be so oriented as to have their negative ends closer 
than their positive ends to the metal ion. Bethe 
showed further that the actual magnitudes of the 
energy differences (e.g., A; and A, in Figure 6) can be 
calculated using this electrostatic model if one ear 
select, the proper magnitudes for the metal-ligand dis 
tance, and the ligand charge (or dipole moment) and 
assign an appropriate radial partt to the wave function 
for the d orbitals. In relatively recent times, Ball 

hausen (3) showed that if these parameters are assii d 

to have the same values in an octahedral cor lex 

a nplex, 
MX, and a corresponding tetrahedral one, MX 
the ratio of A, to Ay will be ‘/s. It has also been shown 
that the absolute values of Ao (or Aj) can be obtained 
within a factor of less than two by choosing reasonable 
values for the various parameters required. 

However, in spite of all this sort of pragmatic succ 
this electrostatic model is now known to be unrealistic 
and ultimately unsatisfactory. It has been diseredited 
both experimentally and theoretically. The experi- 
mental evidence against it comes from a variety of 
sources all showing that electrons which are supposed 
to be entirely in the metal ion d orbitals, according to 


* When an orbital wave function is expressed in spherical 
coordinates ÿ(r, 0, 6) = R(r)0(8)b(@), the radial part is the /(r) 
The parameter r measures the radial distance from the origin. 
The angular part of the wave function is 0()6(¢) which involves 
the direction in space from the origin and depends only upon the 
angles 0 and $ 
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Bethe's point charge model, actually spend a part of 
their existence in orbitals “belonging” to the ligand 
atoms. Such results imply that there is covalence in 
the metal-ligand bonding; some of the data permit 
quantitative estimation of the amount of covalence. 

From the theoretical side, the inadequacy of the 
point charge model (as other than a physically mean- 
ingless formalism leading to useful equations) may be 
described as follows (4). First, let us recognize that the 
ligand atom is nof a point. It is an object of about the 
same size as the metal ion and it is built in the same 
way. An F- ion, for example, consists of a positive 
nucleus of charge +9e, which is essentially a point, 
surrounded by a spherical cloud of total charge — 10e, 
about 90°% of which lies within a sphere whose radius 
is about equal to half the M—F distance in an MP, 
complex ion or in a MF, salt. 


bi 
di2.2 dz? al 
| eg{ ha diy, daz dyr , 
"Sí te 
FE j dey 
23 a 
as : bag 
53 i 
$3 ! 
us dr? 
ser es 
| E a 
due dy 
e, e 
Octahedral Tetrahedral Square 


Figure 6. Orbital splitting diograms for the three most important types of 
complex. Orbitals within each pair of braces are of identical stability. 


The point charge model does not meaningfully 
correspond to the concept of ionie bonding because a 
point charge does not meaningfully represent the 
way one ion “looks” to the outer electrons on another 
ion which is within about two À of it^ However, a 
reasonable representation of a purely electrostatic 
interaction between the d electrons of a cation and an 
anion, is that given in Figure 7, where the anion is shown 
as an entity with structure and finite size, as described 
above. Using this qualitatively realistie representa- 
tion of the physical situation, the following argument 
may be developed. 


* The evidence will not be reviewed here. Several summaries 
are cited in the bibliography. Those in ORGEL, BALLHAUSEN, 
and Corron AND WILKINSO: riully recommended. 

To more deeply buried e ation, a near neighbor 
anion may come closer to appearing as a point negative charge 
Recall in this connection a basic theorem of electrostatice, due tu 
Gauss, which states that if a test charge lies completely outside 
of any charged sphere, it experiences the same force as it would 
if all the charge on or in the spl ncentrated in a point 
at the center of the sphere. For the rare earth ions, caleula- 
tions of orbital splittings using t 
fore have somewhat, more pl 


pint charge model may there- 
à sical meaning, although there i= 
evidence (5) to show that here, too, covalence plays a role. The 
one important situation that comes to mind m which the point 
dipole model for the surroundings of a cation may be physically 
realistic is in the computation of the « prostatic effect. produced 
by an array of ions in s erystal which lie outside of the first co- 
ordination shell of the cation being treated, Even for second 
nearest neighbors, however, some significant covalence effect, 
or orbital overlap, evidently occurs as shown by the existence of 
a contact shift (6j in the nucle sonanee frequency of FO in 


the ion p: complex.” 


"enter sphes 


An electron occupying an orbital which has lobes 
such as A and A’ in Figure 7, directed at the ligand 
atoms will feel the positive charge of the nucleus (or the 
net positive charge of the compact core, in à heavier 
atom) rather strongly, thus off-setting appreciably 
the repulsive effect it feels from the diffuse electron 
cloud into which it penetrates. On the other hand, 


lex showing two lobes, À, A' of an 
8 of a tay type metal orbital and two 
f the electron clouds of the lig- 


Figure 7. À drawing of part of a € 
eg type metal orbital, two lobes, B, ; 
ligand atoms. The spheres enclosing mo o 
and clouds of the ligand atoms are also shown. 


an orbital which has lobes, such 
irected between ligand atoms 
of the electron cloud nearly 
in A, but feels the — 
i Thus, instead o 
i flect of the nucleus less. 3 
el dé that the electron must be much more stable 
in orbital B than in A, as we do in the point change 
model, we conclude that the stability cutters wi 
be either only slightly in favor of B, or a eec 
slightly in favor of orbital 21473 € nk 
istie (ie. Hartree-Fock) oro! tal a 
um en ‘have shown pu to be Cry ap 
if we take a realistic mo el o i 
ai ise aay electrostatic metal-ligand inter- 
actions (that is, assume à mo! 


an electron occupying 
as B and B' in Figure 7,d 
feels the repulsive effect 
as much as the electron 


del which realistically 
represents “ionic bonding”) we cannot explain the 


itti rbitals. 
B "tee cii OT that when the effects 


been sl e fe 
of orari bonding are introduced, m. ow me 
i cien * 
‘hich is qualitatively correct anc, if su à 
RL SUR are made (very te amor 
tunately), almost quantitatively correct results € 
' 


erst t least qualitatively, 
is not very difficult to see, at least qu 

i. = aie bonding will operate in this way. kin 

por am atoms has an orbital directed toward the 

ei 


, on Fig. 8a), an à 
Doo. : Tee ‘Angstroms of one another, the orbitals 


V i ) 

‘ed to form two new orbitals, one, (os), 

eme Li ow high amplitude (high = an 

centration) between the two nuclei and the other, e 
i latively low amplitude (low electron concen! 

ds te the nuclei When electrons occupy 

toni eap the atoms become bound 


bondin orbital), 
the = BE cm electrons occupy the a 
(on antibonding orbital) 8 repulsive or antibonding 
force is set UP- Furthermore, 


if the two atomic 
orbitals with which we begin have rather different 
energies, the resulting bonding or' 


d these atoms approach 


pital will have pre- 


dominantly the characteristies of the lower energy 
atomic orbital, while the resulting antibonding orbital 
will have predominantly the characteristics of the higher 
energy atomic orbital: this is represented in Figure 
Sb. However, if the two atomic orbitals (7, o in 
Fig. 9) are of such a nature that they have no net 
overlap, there is no mixing and no formation of bonding 
and antibonding orbitals. 

Now the relationship shown in Figure 8 is that be- 
tween the e, orbitals’ of a metal ion and the c orbitals of 
ligand atoms, while the relationship shown in Figure 9 
is that between the &, orbitals of a metal ion and the 
a orbitals of ligand atoms. The complete result, a 
combination and elaboration of Figures 8b and 9b 
is shown in Figure 10. 
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(o) (b) 


Figure 8. Sketch showing the formation of bonding and antibonding = 
type orbitals, such as those formed by overlap of metal e, orbitals with 
appropriate ligand orbitals in octahedral complexes. 


+ No 
P Interaction ee 


(o) (b) 


Figure 9. Sketch showing the lack of interaction between a c orbital (such 
as a Is; orbital of a metal ion) and a ligand c orbital. 


‘a 


(agree) 
Ligond 
/ T c Orbitals 


Figure 10. Energy level diagram showing the results of all the interactions 
between the g orbitals of a ligand and the tz and eç orbitals of a metal 
ion. 


Now it can be seen that by considering the overlap 
of orbitals, we have arrived at the same qualitative 
result as that given by the point charge electrostatic 
model: the fivefold degeneracy of the d orbitals is 
split in an octahedral environment, so that the e, 
orbitals become less stable than the tz, orbitals. For 
all of the principal chemical consequences of orbital 
splittings, if is only necessary to know the correct 
ordering of the orbitals; the actual magnitude of the 


7 The symbolism here adopted is that now most 

accepted. Readers need not worry about its full ra trie 
which derive from the use of Mullikan symbols and characte 
tables to describe molecular symmetry. The e implies a tn 3 
dimensional representation, t, a three-dimensional ent 
tion; g (from the German gerade, meaning even) implies evi 

symmetry with respect to inversion. (See Corrox, F n 
“Chemical Applications of Group Theory," p. 72.) ° s 
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splitting, à or As, can be left as a parameter to be 
determined in some one experiment and the results of 
other experiments then predicted. Thus, while the 
point charge model is physically without meaning, it 
does give results which are in general qualitatively 
correct. It can therefore be considered as a useful 
mathematical model, but it should not be taught as in 
any sense a physical model. 


Some Consequences of Inner Orbital Splittings 


When the degeneracy of a set of orbitals is split, 
electrons no longer will occupy all members of the set 
with equal probability. Instead, they tend to occupy 
the more stable ones preferentially, subject to restric- 
tions arising from Pauli’s exclusion principle and from 
interelectronic repulsions. The former require no 
special discussion; they are the same as for free atoms 
and ions. For present purposes, the phenomenon of 
interelectronic repulsion—which results from both 
simple coulombic repulsion and from exchange energy 
variations—can be expressed as follows: the placing 
of a second electron in an orbital already occupied 
by one electron, instead. of in an equivalent, but un- 
occupied orbital, requires the expenditure of an in- 
terelectronic repulsion energy, or pairing energy, P, 
which, to a reasonable approximation, may be con- 
sidered a constant for all of the nd orbitals of a given 
ion. With only these simple considerations, it is 
possible to forecast accurately the way, or the two 
possible ways, in which the electrons will be distri- 
buted amongst the d orbitals of an ion in an octahedral 
ligand field for any case from d! to d’. Similar ar- 
guments can be devised for cases where the ligands are 
differently arranged, e.g., tetrahedrally, or in a square. 

For a d! ion, the single electron naturally goes into 
one of the 5; orbitals, and the ion can be said to have a 
fy configuration. Similarly, d? and d? ions will have 
bag? and ty? configurations, with each electron in a 
different t orbital and all electron spins parallel 
(Hund's rule’), as shown in Figure lla. For a d' ion, 
there are two possibilities. All electrons may occupy 

the 4, orbitals (tot) but then one orbital must be 
doubly occupied and the stability of the configuration 
is lessened by the pairing energy, P. Alternatively, 
we may have the configuration be, which does not 
require expenditure of pairing energy, but does re- 
quire expenditure of the energy A to elevate one of the 
electrons to the unstable e orbital. The configuration 
which is actually adopted in a given case is deter- 
mined by which of these energies is the smaller: if 

A < P we have teg and if A > P we have &,*. The 

Lie, configuration has four unpaired electron. spins, 

while tag‘ has only two unpaired electron spins. stor: 

ingly, the former is called the high-spin confi uration 

ne the latter the low-spin configuration. " ü 

For a d* ion we may have the hi, h-spi: 29,2 s. 
figuration, in which the total ene Pa Me 
* Hund'e rule, originally established from sj 


ipectri ii i 
states that the lowest of several possible ener, dat pie Studien, 


atom or ion will be that with “maximum AET oo 
multiplicity is defined as 28--1 where S = Ze, the aa uH io 
of the electrons occupying the equivalent orbitals. In effect, 
it means that electrons spread out over a set of equivalent orbitals 
with their spins parallel to the maximum possible extent. See, for 
example, Herzpera, G., “Atomic Spectra and Atomic Seug 
ture,” Prentice-Hall, Inc., New York, 1937, p. 135. 
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electrons in e, orbitals, rather than t orbitals, is 
24 or the low-spin configuration tz;* in which the energy 
2P is expended to pair up electrons. Again, the crite- 
rion which determines the preferred arrangement is 
simply whether P or A is the smaller quantity. These 
results, as well as those obtained analogously for the 
d* and d' cases are illustrated in Figure 11. 


d! d? 


I 
11 
oe 


High-spin 


Figure 11. Diagrams showing the most stable arrangements of electrons in 
the d orbitals of ions in octahedral complexes. 


For a d ion, it is impossible to have fewer than three 
electron pairs, and the configuration having the greatest 
number of t; electrons, &;5e,*, must be the most stable. 
Similarly, for a d° ion, the most stable arrangement 
must be bte. By exactly similar arguments, the 
results for tetrahedral complexes can be obtained. 
(Note, by reference to Figure 6, that in this case, the 
€x orbitals are lower in energy than the ty orbitals.) 
However, so far as is known at present—and few if 
any exceptions are ever likely to be discovered—there 
are no low-spin tetrahedral complexes. This is be- 
cause tetrahedral splittings A, are too small to exceed 
P. "Therefore, the only important results for the 
various d" ions in tetrahedral complexes are the fol- 
lowing high-spin configurations: 


d':e! d':e'u? d':ett? 
die? die: d':e*t* 
d*:eu diieth’ setts 


The purely theoretical possibility of a low-spin con- 
figuration does exist, however, for the d*-d* cases. 

It is to be noted that these results were obtained 
without any knowledge of the actual cause of the 
splitting or any specification of the energies of the t 
and e orbitals relative to any reference energy what- 
ever. With these configurations as a basis, it is 
possible now to examine some of the important con- 
sequences of the d orbital splitting. 


Magnetic Properties 


In order to predict or explain magnetic properties 
of a transition metal ion in its complexes or other 
compounds, our first need is always to know how many 
unpaired electron spins it has or may have. The dis- 
cussion may then proceed to higher levels of sophistica- 
tion if desired, but this basic question of how many 
unpaired electrons there are must always be answered 
first. 

By referring to the electron configuration diagrams 
in Figure 11, we see first of all that for d’, d?, di, d*, 
and d? ions in octahedral environments, there will 
always be 1, 2, 3,2, or 1 unpaired electrons, respectively, 
no matter how great the value of A may become.” 
Deviations from these numbers in the di, d or d 
cases (provided it is certain they are not due to any 
intermolecular effects) can be taken to indicate that 
tually departs appreciably 


For dt, d*, di, and d' ions, the number of unpaired 
electrons can be either the high-spin ones, 4,5,4,3 re- 
spectively, or the low-spin ones, 2, 1, 0, 1 respectively, 
depending on the magnitude of Ao relative to P for 
the ion in question. Now the value of P for a given 
ion can be evaluated fairly reliably from data on the 
spectrum of the gaseous ion; 
exceptions, known quantities. 
of complexes of a given ion, some I 1 
aa we can draw the conclusion that all ligands 
giving the low-spin configuration produce 4 values in 
excess of P, while all pues Len ee 
figuration, produce A values less han P. F 
true P ion in a given complex, the actual value 
of A can be determined (see below). It has been 
found, without exception, that. predictions of bey 
just described are correct. For instance, for the 
configuration of o**, data from spectra of the gaseous 
ion lead to a value of about 50 gen ae t a 
energy. For [CoFs]*~ the A, value is on 
re while in [CO(NHs)6]** A is po 66 
kcal/mole. In agreement with these facts, [ a l 
has four unpaired electrons, while [Co(NH)e] m 
none. For the d* configuration in the Fe : ion a 
pairing energy js about 40 kcal/mole, wns à e : 
value in. [Fe(NHs)o]** is only about 35 koh duet 
'Therefore [Fe(NH3)e]** unlike [Co(NH3«] sl oi 
have the high-spin configuration with four unpair 
electrons, and it does. 


Ligand Field Stabilization Energies 

The fact that for most, of the d^ bes qe the 
electrons do not occupy all five orbitals with aw 
probability, but instead tend to occupy tires: pr 
in preference to the other two in an octahi ciem i 
(or two in preference to the other three in à tetrahedra! 
one) has both energetic and structural consequences. 
Some of these are sufficiently straightforward that 
they can probably be incorporated into an introductory 
treatment. Others, however, such as Jahn-Teller 


‘onal circumstances, the d" 
le than, say, a d^^'s or 
a different number of un- 

, However, no certain instance of such behavior 
Mp and it is not necessary to bring this possibility 
tof ligand field theory. 


paired ele 
js actually kn 
up in an introductory treatmen! 


effects,” are probably best omitted. In the following 
paragraphs, the sort of coverage which might be given 
to a few thermochemieal topies is outlined; some 
structural ones will be similarly discussed in the fol- 
lowing part of this section. 

The derivation of ligand field stabilization energies 
has usually been given with implicit (or explicit) 
reference to the idea that the e; orbitals lie */sA above 
and the tzo orbitals */;A below the energy which all 
the d orbitals would have if they were surrounded by 
the same total electrostatic charge but not split—which 
would happen if the charge were uniformly distributed 
over a sphere instead of concentrated into six equal 
amounts at the vertices of the octahderon. This 
raising and lowering of the energy of the sets of orbitals 
by amounts inversely proportional to their degeneracies 
isa manifestation of the general rule of the “preser- 
vation of the center of gravity." It is a rigorous result 
in the point charge model, but not in a more general 
form of ligand field theory in which the orbital split- 
tings are ascribed to covalent interactions. It is 
therefore important to derive all results pertaining to 
ligand field stabilization energies: by an argument 
which does not in any way use a “center of gravity 
rule,” although the argument which does so gives 
correct results. For example, in a complex where the 
ligands have little or no interaction with the t», orbitals 
the splitting arises mainly or entirely from an upward 
shift of the e, orbits (see Fig. 10). A discussion of 
ligand field stabilization energies (LFSE's) which uses 
only the fact that the energy of the e, orbitals is higher 
by Ao than that of the tz orbitals in an octahedral 
complex may proceed as follows. 

For an entire transition series of ions, of given charge, 
eg, Cat, (Se**), Tit, V**, sos NES Cnt Zmt+ 
(Se** is in parentheses because it has not actually been 
obtained in an ordinary chemieal compound) we 
expect a fairly smooth variation of the bond energies 
from the d? to the d™ ion for the complexes or com- 
pounds with a particular ligand or anion. This is 
because we expect a fairly smooth variation in the 
energy of each type of orbital and hence of the over- 
all energy of formation, provided all the orbitals are 
either equally occupied in each case or the population 
increases uniformly. Now for all the orbitals except 
the d orbitals, the populations are constant throughout 
such a series. For the d orbitals, the total population 
increases steadily, but in the ligand field, there are two 
different sets of d orbitals (or d-like orbitals) whose 
separate populations do not increase uniformly. The 
e, population goes from 0 to 4 and if the increase were 
uniform, there would be a change of 4/1 = */s electron 
at each step. Similarly, a uniform increase in the 
population of the t orbitals would mean an increase 
of 6/1 = */s electron at each step. On this basis 
the figures for the "uniform" e, and tz populations 
shown in Table 1 are obtained. Below them are the 
actual populations, as indicated in Figure 11, for the 
high-spin states. It is clear that for the d", d*, and 
d"? cases the “uniform” and the actual populations are 
the same, while for all others, the “uniform” populations 
give a greater fraction of the total electron density 
in less stable e, orbitals and a smaller fraction in the 


1 See, for example, COTTON AND WiILkINSON, p. 582 ff. 
471 


95 


Table 1. 


Total “d” electrons 0 1 2 
“Uniform” populations { ex 0 IA xfi 
z 0 s t^ 

Actual populations 1 CA 0 0 0 
[^ 0 1 2 

Stability differences 0 3/5 ‘ts 


more stable &, orbitals. Since there are differences in 
the occupation of the more and less stable orbitals, 
there are differences in the energies of the “uniform” 
and the actual configurations. , 

For the d! case, to go from the uniform to the actual 
configuration, ?/; electron is transferred from the e, 
to the &, orbitals. . There is thus a stability increase 
(energy decrease) of */sA5. Again, for the d case, 
*5/s electron is transferred from €, to i, orbitals, caus- 
ing an increase of */,A, in the stability. The stability 
differences so obtained for all the d" ions are listed, 
in units of A, for each ion, in Table 2. 


Table 2. Ligand Field Stabilization Energies in Octahedral 
and Tetrahedral Ligand Fields 
No. of LFSE* 
electrons ct Tetra 
4 ". 0 
do A 
2 Up. DP 
3 EM 15 
F hy Ao VN 
0 
$ 1A do A 
7 MES */ be 
H v Ao V. a 
10 a lea 


* Acis generally € 1/; A for a given ion with common ligands. 
"These results may now be compared with some ex- 
perimental data. Figure 12 shows the heats of hy- 
dration, as given by the reaction: 
M?*(g) + 9 H;0 (1) = [M(H.0)]?* (aq) 


for all the known dipositive ions of th iti 
Series. It is seen that these heats io m mera 
formly, though the irregularities are only small frac- 
tions (<30 keal/mole) of the total energies (600- 
700 kcal/mole). This is because the number of 
non-uniformly" distributed electrons is onl Y 
fraction of the total number. Further. E ipe) 
curvo is drawn through the points for the den 
(Ca?+, a; Mn*+, d; and Zn**, d'?) which do, i gr 
have uniform populations, all other points tie ve 
Qualitatively, this is just what we should | ne 
In all cases, the electrons are equally distribut, nan 
the d orbitals of the free ions, M?*, and in th Te 
cases, d’, d*, d'? they continue to be E wie ia 
the [M(H;O);]** ions; in the remaining cases they 
move completely or more completely to the band 
stable orbitals, thus releasing additional re 
These additional energies are called ligand field stabils. 
zation energies, LFSE’s. If the values of A; are known 
(as they are from spectral data, see later) the LFSE’s 
can be calculated, and when they are subtracted from 
the actual heats of hydration, points are obtained which 
lie very close to a smooth curve through the experi- 
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Actual and "Uniform" Orbital Populations in an Octahedral Ligand Field 


4 5 6 Y 8 9 10 
hh 2 UA MA Mn Mg 
HÁ 3 A A h TA OG 

1 2 2 2 2 3 4 

3 3 4 5 6 6 6 
h 0 h th h th 00 


mental points for the d’, d*, and d” ions, tnat is, to 
the values which would be interpolated for other ions, 
if those ions had “uniformly” filled d-like orbitals. 
This is only a first approximation, however, since there 
are other effects, such as the non-uniform variation of 
ionic radii, to be discussed shortly, which must be 
considered; these effects are not believed to be large 
(8). 

Similar results are obtained for lattice energies and 
for the energies of other processes where complexes 
are formed; see George and McClure for general 
background and reference (9) for some more recent 
results. By reasoning analogous to that embodied 
in Table 1, the LFSE’s for tetrahedral complexes can 
bededuced. These are also given in Table 2. 


800, 


700) 


Hydration Energy (kcal./mole) 


500 
Ca Se Ti 


V Cr Mn Fe Co Ni 
Figure 12. Hydration energies of divalent ions of the first transition series. 


Cu Zn 


Solid circles are experimental values; open circles are obtained by sub- 
acting the calculated LFSE's from the experimental values. 


Using the octahedral and tetrahedral results to- 
gether, another interesting phenomenon may be 
explained. If is known that as we go from Mn** to 
Zn*+, there are great irregularities in the tendency to 
form tetrahedral complexes. Generally speaking there 
18 an increase, but Co?+ is abnormally prone to do so, 
whereas Ni?+ especially and also Cu?+ seem defi- 
nitely to prefer octahedral coordination. From the 
figures in Table 2 these facts may be qualitatively 
explained. For Co? (dT) we have the largest tetra- 
hedral LFSE together with an average octahedral 
LFSE, while with Ni?+ we have the largest octahedral 
LFSE together with an average tetrahedral LFSE. 
For Cu** the octahedral LFSE also exceeds the tetra- 
hedral by a relatively large amount, but here the 
existence of considerable distortions in both the 
octahedral and tetrahedral complexes requires caution 
in pressing the LFSE argument. It has recently been 
found (9) that the LFSE's can almost quantitatively 
account for the irregular energies of the processes 


[MCUJ** (g) + 6 HO (g)  [M(H.O)j?* (g) + 4 CI- (g) 


Some Stereochemical Consequences 


There are two striking examples of the effect of d 
orbital splittings ou stereochemistry which can rea- 
sonably be covered in a discussion of LFT at the 
introductory level. " 

The first is the irregular variation in the radii of 
the divalent ions of the first transition series, which 
again provide the best grist for our mill, since they have 
been most thoroughly studied. The radii of these 
ions would be expected to show an overall decrease 
since the nuclear charge is increased through the 
series, while the electrons added to the d shell screen 
one another imperfectly. This overall decrease m 
radii is observed, but, as shown in Figure 13, it is not a 
smooth one, 


netcurt zit 


first transition ser- 
in because of the 


corset net vet crt weet re?* Co?" 

ii D ic f the 
i tive ionic radii of the divalent ions of the 
Deut cae and € 5- points are somewhat uncertaii 


ies. The Cr?~ ond C c 
distorted octahedra in which these ions are found. 


The occurrence of the two “festoons” isa np 
of the d electron configurations. We zal tl aii p 
tog electrons are nonbonding Beine (at. p eds 
first approximation) while the e; Moe ipea D pe 
bonding: that is, their presence ice J — 
thus lengthen ue ose has eatin ne 
X the metal hgan A 
a by the presence of ty electrons, but —— 
sensitive to the presence E 
2 Parei deri ha has been drawn through 
the dinis for the d’, d*, and d"? ions. k ghee may 
be considered to indicate the expected ra at det 
having electrons equally MA pa My 
icem em m. oe (all orbitals completely 
tae (iam 2+, the d? ion, this would be 


ions. Thus, for Ti ; ld be 
epum if it had 4/, electron in the e, orbitals; 


i ll in the e; 
tually the d? ion has no electron at a 
orbitals, the bonds to the ligands are therefor ee a 
and the radius of the ion 15 taken 2 p ares 
value indicated by the curve., FoRS 7 - iion 
actual number of e; electrons 1$ /s ^w vem À. gd 
corresponding to the curve and t j^ € vie 
again, and even more markedly, Jes than at e 
licated by the curve. In the next two ions, i 
jani togic, and Guest configurations, the number o 
z, me mi increases and reaches the vane nan 
ing to the curve. In the second ha o nh gr uP, 
the same sequence of Coie nie y WE 
posed on the hot ae er nM hed at Mn?*, 
estoon thereby resi à i 

ee striking structural result d d se 
splitting is found (70) among the class of comp 


called spinels. These are oxides whose most general 
formula is ABCO,, where A, B and C are cations, the 
sum of whose charges is +8. In many cases, such as 
the mineral spinel, MgAl;O;, which gives its name to 
the class, B = C, and in still others, all the cations have 
the same atomic number, e.g., l'e3O, Mn;O; and Cos0,. 
The spinel structure can be described as a cubic close- 
packed array of oxide ions with one-third of the cations 
occupying tetrahedral interstices and the remaining two 
thirds occupying octahedralinterstices.!! The‘normal” 
spinel structure, when the charges on the ions are +2, 
+3 and +3, has the +2 ions in the tetrahedral holes and 
the 4-3 ions in the octahedral ones, and it can be shown 
that for ions which are spherical this arrangement should 
be, to some slight extent at least, the favored one. 

There are cases, however, in which the divalent ions 
occupy octahedral holes along with half the trivalent 
ions, while the other half of the trivalent ions go into the 
tetrahedral holes normally occupied by the divalent 
ions. In every case where such an inversion has been 
found, it can be explained in terms of LFSE's. For 
instance, Fe;O, is inverted, while Mn;O; and Co;O, are 
normal. To invert MnO, Mmn?* ions which are in 
octahedral holes, would have to be transferred to 
tetrahedral ones, with a loss in LFSE (see Table 2), 
while Mn?* ions, which have no LFSE in either en- 
vironment, would have to be shifted from tetrahedral 
to octahedral holes. Thus, the overall result would 
be a loss of LFSE, and inversion does not occur. l'or 
Co;0,, inversion would be extremely disfavored, due 
to the large LFSE’s of both the low-spin Co?* ions 
in the octahedral holes and the Co** ions in the tetra- 
hedral ones, and, again, it does not occur. For l'e30,, 
however, the inversion is favorable insofar as LISE 
goes, since transfer of high-spin d* Fe?* from octahedral 
to tetrahedral holes carries no penalty, while transfer 
of high-spin dë Fe?* from tetrahedral to octahedral 
holes produces a net gain in LISE. 

Still another example is provided by NiALlO,, which 
is inverse. Here transfer of Al** does not change the 
net LFSE, but transfer of Ni?+ from the tetrahedral to 
the octahedral holes is strongly favored. 

It should be emphasized that these inversions could 
not have been predicted ab initio, since this would re- 
quire more detailed understanding ‘of ail the energy 
terms than was, or still is, generally available; but 
given the empirical fact that the normal and inverse 
structures are similar in stability in the absence of 
LFSE effects, we have very good indications of where 
and where not to expect inverse structures to occur. 


Visible Spectra of Transition Metal Compounds 


Surely one of the most striking characteristics of the 
transition elements is the faet that nearly all of their 
compounds are colored and the colors are extremely 
varied. Even at the introduetory level—perhaps 
especially at this level—an attempt to explain this, at 
least in correct qualitative fashion, would be worth- 
while and interesting to the students. Such an ex- 
planation provides a good opportunity to correlate 
what may be isolated ideas in the student's minds, for 
example, the relationship between the color of a sub- 


u A help in visualizing these structures may be the use of 
models such as those described by Liwnert, J. L, J. CHEM. 
Evre., 41, 41 (1964). 
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stance and the positions of its absorption bands, and 
the relationships of these in turn to the transitions 
between electronic energy levels. 

There are however limitations on what can be done, 
since a complete understanding of the electronic states 
of the multi-electron ions, d°-d, requires far more dis- 
cussion than would seem feasible in the usual introduc- 
tory course devoted to a comprehensive survey of 
chemistry. In the following paragraphs, the sort of 
coverage which seems to this writer to be feasible is 
outlined. 


PASI Blue Green |vellow|nce | Red 


Wave -Length, Angstroms 
40 000 $000 7000 
ego sx one 26 


Absorption ——e 


o 
25,000 20,000 15,000 
Frequency, cm^' 


Figure 14. The visible absorption spectrum of {TilH20),]* +. 


The spectra of d! ions can be covered without diffi- 

culty. For a d' ion in a regular octahedral field, the 
[Ti(H;O),]* ion is a good example; its spectrum, 
shown in Figure 14, consists of only one band centered 
at about 20,000 cm~ (5000 A). This can be identified 
as arising from excitation of the electron from the ts to 
the e, orbitals, and its energy corresponds to Ay. Thus, 
from the spectrum we are able to determine that A is 
20,000 cm~! or 57.2 keal/mole.? The pale, red-purple 
color of the [Ti(H20).]*+ ion is due to the fact that this 
absorption band is so placed as to allow most of the 
red light and some of the blue light to pass through 
unabsorbed and the combination of these two drin 
mission bands produces the red. 
Figure 14 also shows where the pri 
in the visible Spectrum, which ex 
from 4000 to 7500 À. 

Another good example, 
easily, of the relationship 
is provided by the Ni?+ ion 


which can be demonstrated 
between color and spectrum 


J i + Ina pale green soluti 
nickel sulfate in water, the lor is eer 


[Ni(H;O)s]** ions. On adding ethylenediamine. the 
color turns. deep blue, because of the formation of the 
[Ni en;]** ion. The spectra of these two solutions are 
shown in Figure 15. Again a “color map” of the 
visible region is given. It is easily seen that 
[Ni(H,O);]** has a minimum in its absorption where 
green light occurs, but absorbs nearly all the rest of the 
light seen by the eye; hence it appears green, 
[Ni enj]?*. on the other hand absorbs green light 
strongly and also yellow, orange, some blue and some 


ar converting: spectral energies in their usual units of em i 
to chenuent energies in their usual units of keal/mole, the ton- 
V m factor ag; 350 emo! D keal mole. Reell that 
energy (per moles Nwe Me 
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red light; it transmits only blue-purple light and a 
little red light. 

The spectra of [Ni(H;O)s]?7 and [Ni en;]?7 illustrate 
the basis of the spectrochemical series of ligands. Since 
the energies of the absorption bands of Ni?~ in its com- 
plexes are proportional to the splitting of the 4 orbitals 
by the ligands, it is evident that the electrons on the 
six nitrogen atoms provided by the three ethylenedi- 
amine molecules interact more strongly with the d 
orbitals and hence cause a greater energy difference 
between the e; and l; orbitals than do the electrons on 
the six oxygen atoms of the water molecules, It has 
been found that for every transition metal ion of com- 
mon occurrence, replacement of 2n H,O's by n ethylene- 
diamines causes the absorption bands to shift to higher 
energies (shorter wavelengths). Moreover, a rather 
long list of ligands can be arranged in the order’ of the 
energies of the absorption bands for any given ion and 
it is then found that this same order. with, at most, 


-— Visible Region — 
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Frequency, cm”! 
Figure 15. The electronic spectra of [NilHzO)e]? + ( 
77sm. A "color map" of the visible region is also given. 


) and [Ni em]? + 


only slight and occasional deviations, is obtained for all 
the common transition metal ions. This ordering of 
ligands is called the spectrochemical series, and is as 
follows, for some of the more familiar ligands: 
I- < Br- < Cl- < H:O ~ many other oxygen ligands < 

NH; ~ many nitrogen ligands < en < CN- 


The existence of such a consistent order of d orbital 
splittings would not necessarily have been predicted 
theoretically, but it is plausible. It is of considerable 
value in understanding, correlating and interpreting 
many observable changes which occur when ligands 
are added to solutions of transition metal ions. 

For metal ions with more than one d electron, de- 
tailed explanation of the observed absorption bands 
seems beyond the scope of an introductory course. 
For such ions, there are more than two ways (con- 
figurations) of arranging the d electrons in the orbitals 
and each of these configurations giv to more than 
one energy state, because the electrons interact with 
one another in various ways, as well as with the nucleus 
and with the ligands. Perhaps the nickel([1) ion can 
be used to illustrate, though not explain, the nature of 
this rather complex situation, 

There are three possible configurations for eight d 
eleetrons in an octahedral ligand field: 4%, (most 
stable), Mr," (next most stable), and £,5,*. (least 
stable). When all of the pos E 


sibilities tor interaction 


between the eleetrous are considered it is found that 
the t2,%e,” configuration gives rise to one state with two 
unpaired electrons, which is most stable, but also to 
two other states in which the two e; electrons have their 
spins opposed. The Le, configuration gives rise to 
four states, two of which have two unpaired electron 
spins. The highest energy configuration, t2,%e,*, gives 
rise to four states, only one of which has two unpaired 
electron spins. Since there is a general rule in molecu- 
lar quantum mechanics that significant absorption of 
light can occur only when the resulting transition of 
electrons takes place without change in the number of 
unpaired electron spins, the appearance of just three 
absorption bands in the spectra of octahedrally co- 
ordinated Ni?~ ions is easily understood. The transi- 
tions are from the state of the toe," configuration with 
two unpaired electrons to the two states of the l'es 
configuration with two unpaired electrons and to the 
one state of the /4,*e,^ configuration which has two 


unpaired electrons. 


Epilogue 

With due acknowledgment to G. B. Shaw for the 
inspiration, it might be said that theories of chemical 
bonding —neglecting not a few which are entirely value- 
less—fall into one of two categories: those which are too 
good to be true and those which are too true to be good. 
""True" in this context ntended to mean "having 
physical validity” and “good” to mean “providing use- 
ful results, especially quantitative ones, with a relatively 
small amount of computational effort." The proper, 
rigorous wave equation for any molecular situation 
represents a theory of that situation which is too true 
to be good. Most theories which are too good to be 
true are those in which the real problem per se is not 
treated, but rather an artificial analogue to the real 
problem, contrived so as to make the mathematics 
tractable, is set up and solved. 

The electrostatic crystal field theory, using the point 
charge approximation, is such a theory—at its best, or, 
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ce two pet En Bove. 37, 498 (1960). Informative 
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M ons a Now Nd, A mathematical develop: 
eat h begins at a point appropriate for any, gradua! e 
en with some knowledge of quantum theory ån, ace 
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oe cii Mathematics. It concludes with an excellent rie 
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Grirriti, J. S, “The Theory of Transi ion Hain! Tosa Qi 
re Univ. Press, Cambridge, England, 1961: Am Pci 
ook, but very sophisticated. Primarily for tl re 03 
^ zr background in physics and mathematics and a desire 
Saad rey deeply into the theory. 


Articles or Monographs on Special Topics TA 
i 7 T. Corrox, F. A., “Chemical 
Group Theoretical Basis g^ oeh ado dd 


Applications of Group 


1963. Chapter $. Recapitulates in contemporary notation 
and more didactically the basic symmetry considerations first 
expounded by Bethe. Also gives an introduction to the inter- 
pretation of polarized spectra. 

Thermodynamic Consequences of LFT. GEORGE, P. AND 
McCuvre, D. S., "Progress in Inorganie Chemistry," Vol. 1, 
F. A. Corros, Editor, Interscience, New York, 1959, p 381. 
This is still the definitive article on the subject. Itis both lucid 
and thorough. 

Paramagnetic Resonance. Low, W., “Paramagnetic Resonance 
in Solids," Academic Press, New York, 1960. Tightly written 
and thorough. Develops LFT as it is needed for interpreta- 
tion of electron spin resonance (ESR) data and reviews the 
ESR literature in detail. 

Kinetics and Mechanism Basowo, F., AND Pearson, R. G., 
“Mechanisms of Inorganic Reactions,” John Wiley, New York, 
1958. Gives a thorough discussion of the bearing of LFT on 
interpretation of kinetic data for reactions of complexes. 
Pearson, R. G. J. Cuem. Epuc., 38, 164(1961). Gives a more 
recent brief outline. 

Structural Consequences of LFT. Dunitz, J. D., AND ORGEL, L. 
E., "Advances in Inorganic and Radiochemistry,” Vol. 2, H. J. 
EmgLéus and A. G. SHARPE, Editors, Academic Press, New 
York, 1960, p. 1. Good summary and explanation of the use 
of LFT to interpret what are presumably Jahn-Teller effects in 
the structures of transition metal compounds, as well as other 
structural phenomena. | 

Molecular Orbital Theory, Gray, H. B., J. Cuem. Epuc., 41, 
2 (1964). An explanation of the MO treatment of complexes 
in its simple LCAO form and a survey of results. 

Paramagnetic Resonance. CARRINGTON, A., AND LONGUET- 
Hicerns, H. C., Quart. Rev., 14, 427 (1960). A lucid, quali- 
tative introduction. 

Magnetism. Lewis, J., AND Fiaats, B. N., “Progress in Inorganic 
Chemistry,” Vol. 6, F. A. Corron, Editor, Interscience, New 
York, 1964. The best and most timely exposition of theory 
and fact for the inorganic and physical chemist. 

Nephelauzetic Effects. Jgncenson, C. K., “Progress in Inorganic 
Chemistry,” Vol. 4, F. A. Corron, Editor, Interscience, New 
York, 1962, p. 73. A mine of useful data, analyzed in depth. 
Covers everything from the general idea to the controversial 
fine points. 

Optical Rotatory Dispersion. Wo.psys, F., Rec. Chem. Progr.. 
24, 197 (1963). An excellent introduction to theory and facts 
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perhaps, at its worst. It is a gift horse which, when 
looked straight in the mouth, is found to have false 
teeth. There is no physical validity to it even though 
it is mathematically convenient and “works” up toa 
point. 

Thus, the conceptually simple picture which has 
traditionally been employed in introducing the idea of 
d orbital splitting can no longer be used unless one is 
willing to perpetrate a deliberate and conscious de- 
ception. Naturally, it has long been recognized that 
the crystal field theory could not be taken literally; 
that is, that a purely electrostatic treatment of com- 
plexes and crystals which took no account at all of 
covalent character in the metal-ligand bonds was not 
entirely correct. But it was generally assumed that 
the electrostatic approach was partially or qualitatively, 
perhaps, in some cases, even semiquantitatively valid, 
and thus perfectly legitimate for use at least as a first 
approximation, or as a half truth which further study 
would not contradict, but merely qualify and enlarge 
upon. I believe that most teachers at some time find it 
necessary to use the general approach of beginning a 
topic with a facile half truth and that this is fair prac- 
tice. I do not believe. however, that it is ever justified 
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to present, consciously, a facile untruth, however much 
it may help in “putting the subject across." 1 hope 
that readers who agree with this premise will find this 
discussion useful in avoiding some of the untruths 
about ligand field theory. 
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Organic chemistry may be divided into 
two aspects: the static (molecular architecture, 
physical properties, and nomenclature) and the dynamic 
(reactivity and mechanism). In both areas, stereo- 
chemical concepts are of prime importance. In 
molecular architecture, corresponding to structure 
(which denotes the number and kind of atoms in the 
molecule and the manner in which they are linked), 
there are the stereochemical concepts of configuration 
(denoting the arrangement of the atoms in three- 
dimensional space) and conformation (the spatial ar- 
rangements possible by virtue of rotation about single 
bonds). Physical properties, such as dipole moments, 
ultraviolet, infrared, and nuclear magnetic resonance 
spectra, acid and base strength, etc., depend on stereo- 
chemistry as well as structure. Nomenclature has not 
only structural but also configurational aspects—now, 
embodied no longer in the old projectional p-L but in 
the new, truly three-dimensional R-S system (1, 2). 
A knowledge of configuration (relative and absolute) as 
well as structure is required before we can consider the 
question of the architecture of a molecule ey a 
rightly so, for molecules of identical aus ne 
differing configuration often have vastly ifferen 
functions in the realm of nature. Differences in 
reactivity may reflect differences in stereochemistry as 
much as differences in functionality. Many reactions 
are known which are “stereoselective” (2) meaning that 
of two possible stereoisomeric produets, one 1s farmed a 
considerable predominance over the other. " i. 
stercoselectivity tends to be particularly marked in 
biological systems which often produce one Hodge 
to the total exclusion of the other, as for example in the 
hydration of fumaric acid in the presence of the enzyme 
fumarase which produces (—)-malic acid gue 
taminated by the dextrorotatory 1somer. Oti 4 re- 
actions are “stereospecific” (2) meaning that of two 
stereoisomeric starting materials one gives & different 
product from the other (usually the two pe are 
also stereoisomers). An extreme example, again se 
biochemistry, is one where only one x9 ers 
into reaction and the other does not. Thus fumarase 
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Teaching Organic Stereochemistry 


catalyzes the hydration of fumaric acid to (—)-malic 
acid but it does not catalyze'the hydration of maleic 
acid, the cis isomer of fumaric acid. One of the earliest 
discoveries in this area was made by Pasteur (3) more 
than 100 years ago who found that the mold Penicillium 
glaucum ferments the naturally occurring (4-)-tartaric 
acid but leaves the enantiomeric (—)-tartaric acid 
untouched. Besides these obviously significant bio- 
logical implications of dynamic stereochemistry, it is 
also important in establishing and understanding 
reaction mechanisms. Conformational principles, 
especially, play an important role in this area. 


Teaching Stereochemistry 


There are three levels at which, in the author’s 
opinion, stereochemistry can and should be taught: 
the advanced, the elementary, and the preparatory. 
A thorough treatment is in order at the advanced under- 
graduate or early graduate level, following a basic 
understanding of both organic and physical chemistry. 
The author has recently written a textbook (2) to help 
with this particular task. There are several ways in 
which the material can be presented. The con- 
ventional way—through a formal lecture course—will 
probably take two hours per week for a semester or 
three hours per week for a quarter. An alternate 
method might be to ask the students to read the text- 
book in 12-15 weekly doses and to devote one class 
period per week to answering questions on difficult 
points and to explaining highlights. This period might 
be one of three otherwise devoted to a course in reaction 
mechanisms or organic chemistry. Preferably such a 
reading-recitation arrangement should be supplemented 
with problem work. 

Of much greater scope than the advanced-level 
teaching of stereochemistry is the teaching of the 
subject at the elementary organic (sophomore or 
junior) level.! Here the author has strong feelings as 
to the proper and improper way of handling the subject. 
He feels, quite uncompromisingly, that stereochemistry 
should be integrated with organic chemistry as a whole 
(starting with a model of methane and ending with 
DNA) and should not be taught as an appendage after 
most of organic chemistry has been dealt with in two 
Aimensions. This strong feeling is based -on personal 
learning experience, on the experience with a number of 
students who were taught the wrong way and never did 
grasp stereochemistry properly, and with more recent 
experience with students who not only assimilate stereo- 
chemical ideas early in the organic course with great 
fascination and enthusiasm but also emerge from the 
course with a real understanding of stereochemical 
concepts. It was a great disappointment, therefore, to 
find upon surveying the seven most popular organic 
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textbooks (as of March 1962, according to the Gimelli 
Report)? that only three of them present the sub‘ect 
matter in a thoroughly satisfactory fashion and as 
many as two handle it in a manner which I would 
consider quite unsatisfactory. On the other hand, it is 
gratifying and probably in part indicative of the good 
sense of chemistry teachers, that the most popular text 
(used, as of March 1962 in 37% of the schools surveyed) 
has one of the best treatments. It is certainly to be 
hoped that future organic texts will have stereochemical 
concepts (optical and geometrical isomerism as well as 
conformational principles) presented early so that 
these concepts can then be illustrated and used ap- 
propriately over the entire area of the subject.? 


Stereochemistry in the General Chemistry Course 


The most controversial part of the thesis here pre- 
sented is that of recommending the teaching of stereo- 
chemistry to freshmen. Since so much that was 
formerly taught at a later stage has now filtered into 
the freshman course, some undergraduate teachers 
seem to have become apprehensive about further efforts 
in this direction. They are particularly hard to con- 
vince when the subject matter deals with organic 
chemistry which is usually and, perhaps "necessarily 
taught in only quite cursory fashion at the freshman 
level and thus does not appear to afford the required 
background for something as sophisticated as stereo- 
chemistry. Also, some freshman teachers are loath to 
add new subject matter to the curriculum because it 
obligates them to omit some other subject matter which 
they consider worthwhile. On the other side of the 
ledger, the current trend in freshman chemistry courses 
is to put greater emphasis on principles and to put less 
effort in an encyclopedic treatment of inorganic chem- 
istry. This makes for a more flexible course, and in the 
author’s opinion, stereochemical principles are among 
those that deserve to be included. This is particularly 
true since, as will be demonstrated later, an extensive 
knowledge of organic chemistry is not required for an 
appreciation of stereochemical principles. In 
stereochemistry is already touched on in at least 

freshman texts, although in so brief a fashion that 
may have doubts as to whether the student is b 
either informed or stimulated, Of more significan 
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amount of detailed information (this can be done later) 
but rather to generate interest by outlining the basic 
concepts and pointing out their importance. 

The avowed aim of my own freshman lecture is to 
put across to the student the idea of stereoselectivity 
and stereospecificity, i.e., to make him realize why a 
reaction may be stereoselective or stereospecific. It is 
not difficult to motivate the student toward this study 
and get him to recognize its importance after he has 
been told that most of the major components of living 
matter are dissymmetric and are generated in that form 
in biochemical syntheses. (In contrast, the classical 
and’ more detailed and systematic approach at the 
sophomore level puts the major stress on optical rota- 
tion. Without wishing to belittle the importance of 
optical rotation and especially of its recent progeny, 
optical rotatory dispersion (5)—which can, for example, 
be used to follow the denaturation of proteins and of 
DNA—it must be said that it is largely a diagnostic 
tool, and to spend too much time on the relationship 
between dissymmetry and rotation is apt to produce a 
“so what?” attitude especially on the part of the 
intellectually more aggressive students.) 

The approach which the author chose for the 
presentation of stereochemical thinking—and which is 
neither particularly original nor claimed to be neces- 
sarily the best approach—begins with a very brief 
historical discussion of the nature of polarized light 
(Malus) including the showing of a schematic diagram 
of a polarimeter, and of the discovery of optically 
active substances by Aragot and Biot. A second 
schematic diagram shows the effect of optically active 
substances on the plane of polarized light and serves to 
introduced the terms “angle of rotation,” “dextrorota- 
tory" and '"levorotatory." The term “specific rota- 
tion” may also be introduced here by pointing out that 
rotation is proportional to the number of molecules en- 
countered and that ‘in order to obtain a quantity 
characteristic of a particular substance, one must divide 
by concentration and cell length. However, no great 
stress need be put on this term, in as much as it is not 
very important in the development of the major overall 
ideas. It is next pointed out that some substances, 
such as quartz and urea, are optically active only in the 
solid state so that their optical activity is clearly a 
property of the crystal. However, other substances, 
such as turpentine, sugar, tartaric acid are active as 
solids, liquids, gases, or in solution so that there the 
activity is evidently a property of the molecule. 
Pasteur's suggestion that optical activity is related to 
molecular dissymmetry is next introduced, the right and 
left hand being used as examples of dissymmetric, 
mirror-image objects. The term “enantiomer” is also 
introduced here. Van’t Hoff's picture of the tetrahe- 
dral carbon of type Cabcd (Fig. 1, top) as the focus of 
dissymmetry is now presented with a showing of 
pictures and models of enantiomeric molecules. The 
concept of configuration is touched on by saying that in 
any given instance, there is a real problem of deter- 
mining which of the two arrangements of Cabcd cor- 
responds to the dextrorotatory and which to the 
levorotatory form. (This problem of configurational 
assignment may be likened to the structural problem of 
determining whether C;H4O is ethyl alcohol or diethyl 
ether—if the students know enough organic chemistry 


at this stage. Unfortunately, it seems beyond the 
scope of a freshman lecture to try to indicate a solution 
to the problem of configurational assignment.) Lactic 
acid is presented at this point as a simple molecule which 
has two enantiomers both of which occur naturally. 
To impress upon the student that optically active 
materials are widely distributed in nature; the rotation 
of a steroid (e.g., cholesterol), an alkaloid (e.g., quinine), 
a sugar (e.g., sucrose), a polypeptide or protein (e.g., 
oxytocin), and a nucleic acid (e.g., DNA) are presented 
next. (Only the names of the compounds and their 
specific rotations are shown assuming that the students' 
background in organic chemistry at this stage is in- 
sufficient for them to appreciate the structural for- 
mulas.) 

At this point, the student begins to see the importance 
of enantiomerism in nature. One must now explain to 
him that the synthesis of dissymmetrie substances does 
not ordinarily lead to optically active materials. The 
synthesis of Cabcd from Caabc (inactive) is presented 
in-this context and is illustrated by the formation of 
a-bromopropionic acid by bromination of propionic 
acid. The student easily sees that both enantiomers 


are formed with equal ease and the concept of a racemic 
qual number of dextro- 


modification as an assembly of ei D 0 
and levorotatory molecules develops logically. It is 
next explained (and exemplified) that enantiomers are 
identical in all ordinary physical and chemical prop- 
erties (except for sign of rotation) as well as in internal 
energy; again this may be rationalized through an 
analogy with an individual with perfectly shaped 
hands. (The relation between any two fingers of the 
right hand (say the thumb and the ring finger) is the 
same as the corresponding relation in the left hand—in 
fact, the terms “right” and “left” are meaningful only 
in the presence of some (external) orienting coordinate 
system.) Besides being indeed very similar, enanti- 
omers are also equally reactive toward a symmetrical 
reagent. Again our analogy may be used: if the 
individual with perfectly shaped hands is also ambi- 
dextrous, he will be able to handle a symmetrical tool, 
such as a hammer, equally well with either hand. à 

By now the student is curious how optically active 
molecules can originate at all His attention 1s there- 
fore drawn to the fact that toward a dissymmetric 
“reagent,” such as & glove, the two hands are not ir 
at all. (A better analogy m&y be that of a right-an 
left-handed screw—when turned into a symmetrical 
wooden board, the two behave essentially the same, mat 
toward an unsymmetrical right-handed nut, they E 
have very differently.) In fact, one may W rite such 
mock reactions as 

right hand + right glove > gloved hand (fast reaction) 

right hand + left glove — no reaction 


This serves as an analogy for the high stereospecificity 


i nical reactions. 
A [de ME enters its most difficult. phase where 
the students find it hardest to keep up with the ideas. 
It is therefore well to strengthen their interest with a 
few more examples of enantiomers which behave dif- 
ferently in 8 dissymmetric environment: that of 
asparagine where only one of the two enantiomers 
tastes sweet to man (who, because of all the proteins in 


his enzyme systems, is highly dissymmetrie chemically 


speaking); that of glutamic acid where one enantiomer 
but not the other is a well-known flavor-enhancing 
agent; and that of the antibiotic chloromycetin which, 
like many drugs, is effective only in one of its enantio- 
merie forms. The earlier-mentioned case of the 
fermentation of the natural (+) but not the unnatural 
(—)-tartaric acid by the enzyme systems of Penicillium 
glaucum may also be presented at this stage. 
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The molecular basis of the right-hand-right-gl 
and right-hand-left-glove analogy ae now bechora ds 
indicated in Figure 1. The two enantiomers (+) and 
(—)-Cefgh react with a single enantiomer of Cabcd. 
The reactive spot of the molecules where interaction 
occurs is assumed to be at c and f. It is clear that 
(—)-Cefgh must be turned upside down for the reaction 
to be written and that the two resulting molecules 
Cabed, Cefgh, while stereoisomers, are no longer enanti- 
omeric (mirror images). These molecules, it is ex- 
plained are called diastereoisomers (nonenantiomeric 
stereoisomers) and differ in their physical and chemical 
properties and internal energy as much as other pairs of 
(structural) isomers might because the internal rela- 
tionships in diastereoisomers, unlike those in enanti- 
omers, are no longer the same. (As written in Figure 1, 
the product on the left has a close to gand remote from h, 
whereas in the molecule on the right, a is close to h and 
remote from g. If a and h can engage in intramolecular 
hydrogen bonding, for example, the second combination 
may well be the more stable one.) Now (+)- and (—)- 
tartaric acid and mesotartaric acid are presented as a set 
of stereoisomers containing both enantiomers and dia- 
stereoisomers and the difference in properties of the 
diastereoisomers is shown. (Some instructors may 
prefer to show only one enantiomer of active tartaric 
acid along with the meso form in order not to complicate 
the picture unnecessarily.) To drive home the dif- 
ference in reactivity and properties of diastereoisomers, 
one may introduce yet another mechanical analogy: 
the difference of a right-hand-right-baseball glove and 
right-hand-left-baseball glove combination in com- 
pactness, feel, and possible reaction toward a flying 
baseball. 

The student may now begin to grasp the differencé in 
reactivity between stereoisomers when both starting 
materials are dissymmetric. However, he does not yet 
have the basis to understand the asymmetric synthesis 
involved when active compounds arise from inactive 
precursors in biological systems. In order to make him 
understand this requires a consideration of transition 
state energeties and therefore some prior knowledge of 
energy profiles. Granted that knowledge, the under- 
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lying principle can be illustrated by the example shown 
in Figure 2. The reduction of methyl isohexyl ketone 
(inactive) with (4-)-2-butanol through a hydride trans- 
fer gives, in addition to inactive 2-butanone, (+)-2- 
methylisohexylearbinol in predominance over the 
(—)-isomer. Clearly the pair of starting materials as 
well as the pair of products are enantiomerie, not 


CH; CH; CH en 

i a 

Co + n-b-ou aluminum, n C on + Co 

| 2 butoxide | I 

Gia Hs CH CH; 
(+) | (+) 


Figure 2. 


diastereoisomeric and the preference thus scems at first 
sight surprising. The reason why there can yet be 
asymmetric synthesis is that in the transition state, both 
the asymmetry of the 2-butanol (A) and that of the 
incipient methylhexylearbinol (B) are present and 
therefore there are two possible transition states, 
(+)-A...(+)-B and (+)-A...(—)-B, which are 
diastereoisomerie and therefore unequal in energy; 
the first happens to be preferred. The energetic situa- 
tion is as diagramed in Figure 3. 


Cols CH CH, — CH, 
Energy| O=C----H----C=0 
CH, C.H; 


C;HiCOCH; + 
(+)-CH:CHOHC:Hs 
(more 
stable) 
(4)-CcHi3CHOHCH, 
+CHsCOC,H; 


(—)- CCHiCHOHCH; 
* CH4COC;H, 
Figure 3. 


Here again a mechanical analogy may serve to drive 
home the point. The starting state in the analogy is a 
man with a pair of sunglasses with a speck of sand on 
the right lens. The man is symmetrical, the glasses 
are one of a pair of enantiomers (the other being a pair 
of sunglasses with a speck of sand on the left le 

Phe sand-is now, accidentally, transferred from the 
glasses to the man. We now have the product: a 
man with a grain of sand in his ri i 
clean sunglasses. 
enantiome: 


ns). 


not to the left eye. 
transition states, one i 


from the right lens to the ri ht i 
which it is transferr onthe Hight lene dies m 


* The process described 
highly stereoselective than the chemical re ee 
shown in Figures 2 and 3. Its stereoselectivity corres on mane 
nearly to that of the earlier-mentioned biochemical s Ae 
which, also, the differences in energy between dinstar Ree ds 
transition states are much large: ee als 


r than those shown in Fi 3 
t in Figur 
$ The teacher will be aware, of course, that the Victore ia i 
has been presented has been in essence à thermodynamie one. * 


in this analogy is, 
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eye are diastereoisomeric; and in fact, the latter wi 
be much higher in energy than the former, so to speak.* 

This is probably as far (or perhaps a little farther) 
than one can go in a freshman lecture. One may con- 
clude the lecture by saying that while the principles of 
asymmetric synthe: stereospecificity and stereo- 
selectivity are now clear, the actual detailed mechanism 
remains to be elucidated.’ (In fact, much research is 
going on at the present time on understanding the 
stereospecificity and  stereoselectivity of enzymes. 
Other problems which have but been referred to are 
the elucidation of configuration, the actual practical 
methods of obtaining optically active compounds and 
the origin of optical rotation in an asymmetrie molecule. 
Some important topies, such as conformational analysis, 
have not been mentioned at all. 

One of the ways of illustrating the scope of the lecture 
is by means of the quiz given following the presentation. 
The results showed quite a significant level of absorption 
of the material presented. They also pointed out cer- 
tain shortcomings which will be avoided on future oc- 
casions. One, already mentioned, is that the lecture 
was too compressed, It should be extended over two 
hours. Another was that the material was presented 
too carly in the course, following a treatment of the 
structure of organie compounds near the end of the fall 
semester. Better results could undoubtedly have been 
achieved had the lecture been given in the second 
semester -either near the beginning, following an 
elementary treatment of the thermodynamics of 
chemical reaction and chemical kinet or near the 
end, as part of a series of specialized topies in or 
chemistry. Despite this, the results were suffi | 
promising to make us decide to repeat the experiment in 
the following academie year. The author hopes other 
freshman instructors will be encouraged to perform it 
also. 


Questions on Stereochemistry for Freshman Chemistry 
Students 


1. What is meant by the statement, “An optically active 
substance is dextrorotatory?" Would such behavior depend on 
the state of aggregation? Explain. 

2. What are enantiomers? What is meant by the statement, 
“Enantiomers differ in configuration?” What is the source of 
enantiomerism at the moleculur level? 

3. What is meant by “specific rotation?" If a substance 
shows a rotation of 5.00° when viewed in a 2-dm cell in a solution 
of concentration 0.1 g/ml, what is the specific rotation of the 
substance? re dm or decimeter and the concentration in 
g/ml are the proper units for the expression of specific rotation.) - 

ippose you have two beakers containing racemic t 
ueous solution. In-beaker 1, half the tartari 
by chemical oxidation, e.g, by permanganate. 
arturie acid is destroyed by fermentation by 
ium glaucum. (a) What difference exists be- 
rtarie acid left over in beaker 1 and in beaker 2? 
(b) Explain, as best you can, the reason for this difference. 


the mold Pen 
tween the tas 
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A. the available information in the field 
of organic chemistry continues to increase, the teacher 
of the first-year organic course is faced’ with an in- 
creasingly difficult problem as to which of the many 
varied and interesting topics available are to be omitted 
entirely, and which are to be treated only very briefly 
in the course. Since our understanding of the three- 
dimensional structure of organic molecules has become 
much more detailed than it was a decade ago, and 
since the outcome of so many reactions is dependent 
on the exact structure of the system, the subject of 
conformational analysis can scarcely be neglected in 
any modern introductory course. The subject is now 
treated briefly in most texthooks, and a rudimentary 


coverage can be presented in two or three lecture 
hours, 


The prehistorie era of conformational analysis may 
be considered to have started with the postulation of 
the tetrahedral carbon by van't Hoff and LeBel in 
1874 (1), since prior to that time the possibility of the 
consideration of conformations did not exist. Im- 
portant carly milestones were the postulate by Sachse 
(1890) of boat and chair forms for cyclohexane (2), 
and experimental evidence for this situation by Hückel 
(1925) in the preparation of cis and trans isomers of a 
decalin-like ring system (3). The real foundation of 
conformational analysis was, however, laid down about 
1935 when a number of physical chemists, in an effort 
to explain the diserepaney between the entropy of 
cthane as found from heat capacity measurements and 
as calculated from spectral’ data, slowly came to the 
conclusion that there must be a hindrance to the ro- 
tation about the carbon-carbon bond in ethane (4). 

lhese thermochemical measurements showed that 
there must exist a torsional barrier to free rotation in 
ethane which was threefold, sinusoidal in shape, and 
a ee E about 2.8 keal/mole (Fig. 1). 
te Rha adn s presenta’ exist in n-butane, but 
C. tot all have the same energy. 

\tperimposed on the torsional barrier to rotation about 
the central bond. was àn additional v; i 

4 h al van der Waals 

repulsion between the two methyls, such that the 

OS ES minimum ao 

che a (lig. 2). 


The most successful applications of conform: 
analysis to date have been with 


The basic ideas were introduced 1 
and Spitzer in 1947 (5) but 
ideas was first illustrated i 


ational 
cyclohexane rings. 
y Beckett, Pitzer, 
the real usefulness of these 
n the important paper by 


This article is based upon a paper presented as a part of the 
Symposium on Three-Dimensional Chemistry before the 


iposiu Divisi 
of Chemical Education at the 144th Meeting of the ferien 
Chemical Society, Los Angeles, California, April, 1063. ? 
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Conformational Analysis in the 
Elementary Organic Course 


Barton (1950) (6). The reason for the particular 
success in this case is the fact that there exist only two 
kinds of bonds on the cyclohexane ring, axial and 
equatorial (I), and a simple substituent 


can be attached in only two conformationally dif- 
ferent ways, which correspond to the anti and gauche 
minima in butane. Rings other than six-membered 
have conformations which do not correspond to these 
energy minima, and the result is that there are usually 


p t 
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Figure 1. Rotational barriers in ethane. 
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Figure 2. Rotational barriers in butane. 


many non-equivalent ways a substituent may be 
hound to the ring, and the conformational problem 
is much more involved. Acyclic compounds are, in 
general, also complicated conformational mixtures. 

If we take methyleyelohexane as a simple example, we 
see that there are two conformations, one in which the 
methyl group is equatorial (Ic) and one in which it is 
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axial (Ia), and these are in equilibrium. These 
two conformations differ energetically only because 


CH; 
Ie 


1 


la 


the interactions between the methyl and the ring are 
different. In Ie, the methyl group is arranged with 
respect to the ring carbons 3 and 5 in a manner anal- 
ogous to the ‘anti arrangement of n-butane, while 
in Ia the methyl has a gauche arrangement with 
respect to the same atoms. The energy of the latter 
form is therefore expected to be the greater than that of 
the former by about two times 0.8 keal/mole. In the 
dimethyleyclohexanes, by summing interactions of 
this type one can quite accurately predict the energetic 
relationships between cis-trans pairs, and which con- 
formations a given molecule will choose. Such pre- 
dictions are borne out by heat of combustion and other 
experimental data. , 

Extending these ideas to larger alkyl groups, experi- 
mental measurements (7) have shown that while the 
conformational energy (the energy of the axial form 
minus the energy of the equatorial form) of a methyl 
group is 1.8 kcal/mole, the ethyl and isopropyl have 
slightly higher energies (1.9 and 2.1 kcal/mole), and 
the t-butyl group has a conformational energy of more 
than 5 kcal/mole. The structure II shows why this is 


An isopropyl or smaller group 


true. 
Hw__--CHs 
CM cH. 
Il 
mn i h a way that a hydrogen points back 
e di " one has the same 


and essentially 
s for any of these ERE 

i nergy is really a free energy, and it is 
Gt different for different alkyls because of entropy 
effects.) With an axial t-butyl group in the chair 
form, however, one of the methyls must point in tow ds 
the ring, leading to a very sizeable repulsion. This 


butyl group in quite à separate class from 
Lapi ERU A fact not generally spas 
until rather recently (7). _ Since the conformation 
energy of & t-butyl group 15 $0 high, under ordinary 
circumstances it will be found in the equatorial position. 


i ike the cis and trans isomers 
du ns that molecules like t n i 

a Me -butyleyclohexanol have respectively axial and 
equatorial hydroxyl groups (IIIa and IIe). 


OH 


toward the ring, e 
kind of gauche interaction 


OH 
t-Bu 
Ille Ile 
Now, many of the properties of a hydroxyl will vary 
Ë ] or equatorial nature. Examples 


d ding on its axial : res 
aP auahi properties are the rate of its oxidation to the 


ketone, or the location of its C—O stretching frequency 

in the infrared spectrum. If one wishes to study 

the conformational equilibrium in cyclohexanol itself 

(IV), since the equilibrium occurs so rapidly at room 
OH 


temperature it is not possible 
É 7 = X -OH 


IVa N 


1 


to examine the conformations individually. One 
might expect, however, that by measuring the rate of 
oxidation of the substance, and by comparing it with 
the corresponding rates of the axial and equatorial 
compounds (IIIa and IIe), the equilibrium constant 
could be evaluated. The rate is in fact, found to be in 
between those of the t-butyleyclohexanols, and nearer 
to that of IIIe, indicating that in IV the hydroxyl 
is found primarily in the equatorial position. Sim- 
ilarly, the ratio of the intensities of the C—O stretching 
frequencies might be expected to yield an approximate 
value for the equilibrium constant. A great deal of 
information has been obtained along these lines re- 
garding chair forms of cyclohexane rings. 

Ever since the prediction by Sachse of the possible 
existence of a boat form of cyclohexane (V), the 
question of the existence of such a structure has 
intrigued organic chemists. The boat form of cyclo- 
hexane (somewhat misnamed since the actual form is 
flexible and the boat conformation is a particular 
arrangement of the flexible form) can be seen to have 
two eclipsed units; and therefore, it might be guessed 
that its energy would be some 5.6 kcal above that of the 
chair. (Other arrangements of the flexible form are 


predicted to 
Dui er EUR 
9 o 


¥ VII IX 


have similar energies.) In a conceptually simple but 
experimentally quite difficult study, Johnson and his 
co-workers prepared and established the stereochem- 
istry of the two molecules VI and VII (8). The former 
has the center ring in a chair form, while the latter, 
since it is not possible to join the adjacent axial positions 
in the chair form through a five- or six-membered ring, 
has it in a boat form. Apart from some minor com- 
plications, the heats of combustion 


DOTE COLA 
Lo) 
VII 


o 
rts eun. " =O 
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of these compounds gave an experimental value for the 
conformational energy difference between the boat and 
chair. These and other similar measurements are all 
in rather good agreement with the predicted value. 
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Such a high energy for the boat form of cyclohexane 
means that it exists in equilibrium with the chair form 
to the extent of a small fraction of 1% at room tem- 
perature. Very rarely are there sufficient constraints 
in a molecule to make the boat form a significant 
conformation in a cyclohexane system. In a cyclo- 
hexanone system, on the other hand, the situation is 
somewhat different. As can be seen from structure 
VIII the cyclohexanone boat as written has only one 
eclipsed ethane, and therefore a crudely estimated 
energy of 2.8 keal/mole. This means that cyclo- 
hexanones should be inclined to take up boat con- 
formations much more readily than eyclohexanes, and 
certainly this has been found to be true experimentally 
(9). 

In eyclohexane-1,4-dione (IX), the effect is even 
more pronounced. Here we calculate that the chair 
form and the boat form, to a first approximation, 
should have about the same energy. The experimental 
evidence indicates that in fact the molecule exists in 
the boat form (10). The conclusion to be drawn is that 
while cyclohexane itself is definitely in the chair form, 
there are various alterations that might occur on a six- 
membered ring which would tend to stabilize the boat 
form. In many cases the latter is actually the more 
stable. 


Use of Current Research in Teaching 


Sometimes in the presentation of this subject it is 
useful to add a short diseussion about some recent 
conformational problem, since the student can be then 
made aware at an early stage of his development 
of the fact that the science is alive and growing, and it 
will help to relieve the impression sometimes gained by 
young students that almost everything interesting 
happened during or before prohibition. Such an 
example is afforded at the present time by the isomeric 
3-methyl-eyclobutane carboxylie acid esters (1). 


CH; 
Noth eon ne Ng coo 
X trans X. 
o 
ar) 
We 
XI 
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locations. This prediction was made and the esters 
mentioned were equilibrated in the presence of alkoxide 
ion. Analysis of the resulting equilibrium mixture by 
gas phase chromatography showed that the cis isomer, 
in fact, predominated over the trans at equilibrium. 
The cis and trans nature of the compounds was proved 
by virtue of the fact that the cis isomer was prepared 
via the corresponding diacid which formed a cyclic 
anhydride (XI), while the trans isomer was prepared 
from the epimeric diacid which did not form a cyclic 
anhydride. 

The author is of the opinion that a brief exposition 
of some of the fundamentals of conformational anal- 
ysis, as outlined above, followed by a few interesting 
examples of this aspect of modern stereochemistry can 
greatly increase the students’s interest and understand- 
ing in organic chemistry. Since there are so many 
other interesting and important aspects of this subject 
which must be compressed into this same course, not 
all instructors will choose to devote the time necessary 
to cover as much material as is illustrated here. This 
outline is intended to be a suggestion as to what might 
be covered, the author himself is, in fact, inclined to be 
more brief in his own presentation in the elementary 
course. 
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A FRAGMENT OF STEREOCHEMISTRY 


By G. BADDELEY, PH.D., D.SC., F.R.I.C. 


Manchester College of Science and Technology 


This article provides only a part of the nomenclature of stereochemistry and completely ignores 


the historical development of the subject. 


Instead, it indicates the type of information on which 


our ideas concerning stereochemistry are bused 


THE TETRAHEDRAL DISTRIBUTION OF BONDS 


Qualitative analyses followed by quantita- 
tive analyses and molecular-weight deter- 
minations allow us to assign molecular 
formulae to organic compounds. Every 
organic compound has a distinct set of 
physical and chemical properties which 
differentiates it from every other compound. 
The physical properties most frequently 
used in this work include the melting point, 
the boiling point and interactions with light 
and other electromagnetic radiations. These 
interactions are exemplified by the refraction 
and absorption of light, the absorption of 
infra-red and ultra-violet radiation, and the 
rotation of the plane of plane-polarized 
light. Data of the type outlined above 
enable us to say, without fear of contradic- 
tion, that whereas, for example, there are 
two compounds with the molecular formula 
CH,CL, each of the formulae CH,, C,H, and 
C;H;CI represents only one compound. The 
action of potassium cyanide on ethyl 
chloride (1) gives propionitrile (2) from which 
propionie acid (3) can be obtained by 
hydrolysis, The action of chlorine on this 
acid can give 2-chloropropionie acid (4) 
which, by interaction with potassium cyanide 
gives 2-cyanopropionic acid (5). i : 
pound, at sufficiently raised ter 
evolves carbon dioxide and leaves us with 
propionitrile (6) which is identical in every 
respect with propionitrile (2) and hydrolyses 


to propionie acid (7) which is identical with 
This series of reactions 


propionic acid (3). 
does not provide us with a straight (3) and a 
bent (7) tvpe of propionie acid as it could 

four valencies of carbon 


This com- 
mperatures, 


have done had the 
been directed towards the corners of a Square, 

The hydrolysis of 2-chloropropionie acid (4) 
gives lactic acid, CH; CH(OH)-CO,H, and if 


110 


126 


we proceed to prepare a number of its salts 
and study their recrystallization from water, 
we shall find, sooner or later, that the crystals 
provided by a particular salt are of two types, 
both asymmetric (since should Alice retrieve 
the image of any one crystal from behind the 
mirror it would not be superimposable on the 
crystal in front of the mirror) and related to 
one another as object to mirror image. Given 
great patience, good eyesight and a steady 
hand we can separate the crystals of one type 
from those of the other and thereafter recover 
separately the ‘lactic acid from each. The 
two samples of lactic acid thus obtained have 
identical physical properties except in their 
effect on plane-polarized light. Both are 
optically active: one, named (+)-lactic acid, 
rotates the plane of polarization clockwise 
(relative to the observer) while the other, 
(—)-lactic acid, rotates it to exactly the same 
extent but anticlockwise. The ability to 
rotate the plane of polarized light is not lost 


CHI (1) 
P f 
CH,—C—CN CH, ¢—COH cH CO,H 
| 
H H H 
(2) (3) (4) 
CN CN COH 
| 
— e-C-coi CH,—C—H eH pn 
H H H 
6) (6) (7) 


when the two lactic acids are in solution: we 
conclude, therefore, that the molecules of lactic 
acid are asymmetric, a molecule of (—)-lactic 
acid being the mirror image of a molecule of 
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(-)-laetie acid. That compounds of the 
type Cay. Cayb and Ca,be are unique while 
those, like lactic acid, of the type Cabed can 
occur in (—)- and (—)-forms finds its inter- 
pretation in the concept that the bonds attach- 
ing a carbon atom lo four other atoms are 
directed from the centre lo the four corners of a 


regular tetrahedron. 


CONFIGURATION 

An attempt to give a three:dimensional 
representation of the two forms of lactic acid 
is shown below (8 and 10). Fischer projec- 
convenient. form of three- 
ation (9 and 11 are the 
nd 10). To obtain 
paper what an eye 


tions provide a 
dimensional represent 
Fischer projections of S a 
them, project on to the 
would sce if, as it looks at the central carbon 
atom, the bonds directed away from the 
observer are in a vertical plane while those 
directed towards the observer are in à hori- 


zontal plane. 


quin ind 
ee ne n 
a V. CH, 
(8) 9) 
(—) - Lactic acid 
COH qun 
i yor 
Hot yo CH, 
H 
(10) (I) 


(+) - Lactic acid 


When, as in lactic acid, four different 
atoms are attached to the 
this atom is called an 


asymmetric carbon alom, since there are ten 
arrangements Or configurations of the — 
and groups attached to it. Pairs of molecules 
that are non-superimposa ble and are the 
mirror image of each other are called 
HOPS. enantiomorphs, or optical isomtr 
When enantiomers are present in equal 
amount, the whole is optically inactive and is 
racemate. The lactie acid we 
nie acid by chlorination 


atoms or groups Of 
same carbon atom, 


cnantion 


called a 
prepared from propio 
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followed by hydrolysis is optically inactive 
and is called racemic or (+)-lactic acid. 
Living organisms usually produce only one 
enantiomer of a pair: thus the vegetable 
kingdom provides many optically active 
nitrogenous organic bases. When one of these 
bases, e.g. (—)-quinine from the bark of the 
cinchona tree, reacts with (+-)-lactic acid, 
two salts are formed which can be repre- 
sented by (—)-B,(+)-A and (—)-B.( )-A in 
which A and B represent the acid and the 
base respectively. These two salts are not 
enantiomeric: they have the same con- 
figuration in one part and opposite configura- 
tions in the other. They are diastereomeric. 
Unlike enantiomers, diastereomers have 
different properties and, often, are con- 
yeniently separated from one another by 
recrystallization. Thus we can separate 
(—)-B,(+)-A from (—)-B,(—)-A: afterwards 
we can obtain (4 )-lactic acid from the 
former and (—)-lactie acid from the latter. 
In this manner (-+)-lactic acid has been 
resolved into its optically active enantiomers. 
To discover the actual or absolute con- 
figuration of the lactic acid which rotates the 
plane of polarized light to the right and of 
that which rotates it to the left, we must, 
sooner or later, directly or indirectly, have 
recourse to X-ray diffraction patterns from 
which we can precisely deduce the spatial 
arrangement of the parts of a molecule. 
Formulae 8 and 9 represent (—)-lactic acid 
and formulae 10 and 11 (+)-lactic acid: The 
esterification of ( —)-lactie acid with methyl 
alcohol gives the (+)-methyl ester in which 
the -CO,CH, group occupies the same relative 
position in the molecule as does the -CO,H 
group in the molecule of (—)-lactic acid. 
Thus we are compelled to recognize that two 
compounds may have similar configurations 
yet rotate the plane of polarized light in 


opposite directions. 

Is the ‘tetrahedral distribution’ of bonds 
shown by carbon atoms also a feature of 
atoms of other elements Electron-diffrac- 
tion data concerning trimethylamine (12) 
have shown the molecules to be pyramidal 


with C C angles of about 108°, very 


pes. 
nearly the same as the H H angles 


li 
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(1095 ) of methane molecules. We might 
expect to find optically active forms (13) and 
(14) of methylethylpropylamine, but optical 
isomers of this kind have not been found. 
Spectroscopic data show that the pyramidal 
molecules (13) and (14) require only about 
5 kcal mole to enable the pair of unshared 


electrons to pass through the nitrogen atom. 


and thereby invert the configuration. This 
amount of energy is readily available at room 
temperature. When the four pairs of 
electrons surrounding the nitrogen atom are 


| | 
sf | "CH, H3C~ 6H, 
CH, CH 
(12) (13) 
CH; CH,'CH:CH; 
HC. a es HCXG AA CH 
| | ! 
CHyC,H, 
(14) (15) 


used to bond the nitrogen atom to four 
different groups, as in meth ylallyIphenyl- 
benzylammonium iodide (15), two optically 
active forms exist. Clearly, the carbon atom 
is not the only one which can have its bonds 
directed from the centre to the corners of a 
regular tetrahedron, the angle between any 
two bonds being about 110? ` 

W 
re: 


hen 1,3-dichloropropane is allowed to 
iet with zine, cyclopropane (16) is formed. 


(16) 


What has happened to the interbond angle 
of 110^? Perhaps we ought to conclude that 
bonds can be bent into the Sausage shape 
shown in formula (16). From our knowledge 
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of the molecular shapes of many compounds 
and of the energy. measured by infra-red 
spectroscopy, to change intramolecular vibra- 
tions, we are able to deduce that bonds are 
casier to bend than to stretch. 


CONFORMATION 


When we construct a model of a molecule 
of ethylene chloride we find that, without 
stretching or bending bonds, we can obtain a 
variety of molecular shapes by rotating one 
half of the molecule relative to the other half 
about the bond joining the carbon atoms. 
Nearly aligning our eves with the C-C bond, 
let us begin with the chlorine atoms and 
hydrogen atoms eclipsing one another as 
shown in (17) and gradually rotate the nearer 
-CH,Cl group so that we pass through the 
shapes represented by (18), (19) and (20). 
Since no one has found two or more types 
of ethylene chloride, we might be led to 
suppose either that the two halves of the 
molecule can rotate freely and independently 
of one another about the C-C bond or that 
the molecule is restricted to one of the shapes 
(17) through (20). The following considera- 
tions help to resolve this ambiguity. The 
effects of methyl chloride on electrical fields 
into which it is placed show that the C-CI 
bond provides an electric dipole with a 
moment (magnitude ofthe charges x distance 
apart) of about 2-0D, where 1D or Debye units 
= 103 és.u. x À. Ethylene chloride has 
two such dipoles and the dipole moment of 
the molecule, which can be measured, is the 
vector sum of the dipole moments of the two 
halves. If ethylene chloride were as repre- 
sented by (19), its dipole moment would be 
zero; if as represented by (17), 3:8D. Free 
rotation would provide the average value of 
(0 + 3-8)/2 = 1-9D. Experiment reveals that 
its dipole moment is 1-12D at 32° and 
gradually increases with rise in temperature 
until it is 1-54D at 271°. The data are com- 
patible with the view, now generally held, 
that, as one half of the molecule rotates with 
respect to the other (a) the internal energy 
of the molecule rises and falls as shown by the 
curve under formulae (17) through (20), (6) 
the molecule can rest only in the energy 
hollows, (c) the molecule prefers the hollow 


provided by (19) to the shallower hollows 
provided by (18) and (20) and (d) this 
preference becomes less apparent as the tem- 


perature is raised. The various molecular 


ci cl [s] 
c ze Ss. x 
HOT ^H HOH H / H 
y Ja 3 
l H Cl / 
ANT ^c ZA Cc 
H 
(17) (18) 
Fully eclipsed Staggered Eclipsed 
and gauche 


Curve indicating 

the internal energy change 

as one -CH2Cl group rotates 
shapes (17) through (20) are called conforma- 
tions; (19) shows the molecule in its trans 
conformation while (18) and (20) show the 
molecule in its gauche or skew conformations. 
In each of these conformations, the bonds 
radiating from one carbon atom are staggered 
with respect to those radiating from the 


other. 

X-ray diffraction 
paraffin wax show the po 
to have the zig-zag con 

HH HH HH 
y y J 
zener SZ Sc 
À ^ 
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patterns produced by 
lymethylene chains 
formation (21) in 


which every group of four consecutive 
methylene groups has the staggered and 


trans conformation. 
When we constru 
hexane molecule, on 


ossible if we are to hav : 
of 110°: the chair conformation (22) and the 


boat conformation (23). The infra-red spec- 
trum of cyclohexane shows that at ordinary 
temperatures the molecules spend a much 
longer time in the chair than in the boat 
conformation. Only in the former are the 


ct a model of the cyclo- 
lv two conformations are 
have an interbond angle 
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bonds of each carbon atom staggered with 
respect to those of the neighbouring carbon 
atoms. The preference for staggered con- 
formations determines molecular shape only 


ei c ci 
on "m non 
"7 `H H 7H He 
1 
Hxc ZH d e {A 
1 ar “A ! 
[e] H 
(19) (20) 
Staggered Eclipsed Staggered 
and trans and gauche 


when more important demands on shape are 
absent. It may originate in repulsive forces 
between atoms and groups, especially the 
bulkier ones, which are brought close together 
without being able to bond one to the other. 


H H H 

H l H Hd LH 
+ H 
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The resolution of 6,6'-dinitrodiphenie acid 
into its optical isomers (24) and (25) demon- 
strates that in this compound an amount of 


ON CO,H xd ls 
ON, | \co,H O;N(| ‘\CO,H 
(24) (25) 
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energy too large to be readily available at 
ordinary temperatures is required to enable 
the substituents in one of the rings to squeeze 
past those in the other. It is noteworthy 
that the non-planär molecules (24) and (25) 
are asymmetric although they do not contain 
an asymmetric atom. 


THE COPLANARITY REQUIREMENT OF 
DOUBLE BONDS 


When 2-bromobutane reacts with bases it 
can lose the elements of hydrogen bromide 
and give a hydrocarbon which can be 
separated into three components boiling at 
—6°, 1° and 4° severally. Each component 
has the molecular formula C,H,. The one 
which boils at —6° gives formaldehyde and 
propionaldehyde on ozonolysis and is assigned 
the formula CH,-CH,-CH:CH,, while the 
other two give only acetaldehyde on ozono- 
lysis and are both represented by the formula 
CH,CH:CH-CH,. Of these two hydro- 
carbons, the one with the higher boiling point 
has a dipole moment and the other has not: 
consequently, they are given respectively the 
formulae (26) and (27) and named cis- and 


ME dinh HC. LH 
HS cH i 
3 H^ CH 
(26) en 


trans-2-butene. Two compounds are repre- 
sented by the structure HO,C-CH : CH-CO.H : 
one is known as maleic and the other as 
fumarie acid. When heated to 140°, maleic 
acid gives maleic anhydride (29) and water 
while fumaric acid loses water to form maleic 


o 
T 
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l pen ! o -20* T 
H7 C co, H< eA 

2 n H^ “NCO,H 
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anhydride only at temperatures above 270°: 
consequently, they are assigned the formulae 
(28) and (30) respectively. Clearly, the 
energy barrier to rotation about a carbon- 
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carbon double bond is sufficiently high to 
hold the four attached atoms or groups in a 
rigid configuration except at high tem- 
peratures. Electron diffraction and spectro- 
scopic studies show ethylene to be a flat 
molecule with bond angles of about 120 . 
The isomers (26) and (27) and again (28) and 
(30) are called geometric isomers. Isomers 
that differ from one another only in the way 
the atoms are oriented in space but are 
identical with respect to which atoms are 
bonded to one another are called stereo- 
isomers. Geometric isomerism and optical 
isomerism are both examples of stereo- 
isomerism. 

A carbon-to-carbon double bond requires 
coplanarity of the two carbon atoms and the 
four atoms directly attached to them (see 32): 
understandably, olefins of the type (31) 
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cannot be obtained. Now let us turn our 
attention briefly to double bonds between 
atoms other than two carbon atoms. 
Although there is only one type of acetalde- 
hyde (see 33), this compound condenses with 
hydroxylamine to give two oximes, (34) and 
(35). Further, cis- and trans-forms of azo- 
benzene, (36) and (37), are well known. In 
the formulae (33) through (37) unshared 


pairs of electrons, like shared pairs, are 
represented by lines. Clearly, a double bond 
between atoms imposes planarity even when 
the two atoms are other than carbon atoms, 
and is capable of providing geometric isomers 
when between carbon and nitrogen atoms or 
between two carbon or two nitrogen atoms. 


CONJUGATION AND CONFORMATION 


To what extent does the planarity required 
by a double bond determine the shape of an 
ester molecule? If the bonding in methyl 
acetate is correctly represented by (38), only 
the methyl group attached to an oxygen 
atom is free to move out of the plane of the 
rest of the molecule. Perhaps it is free to 


rotate about the bond joining its oxygen 


atom to the carbonyl group. The wholly 
and (39) represent 


planar conformations (38) 
the molecule in its least polar and most polar 
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Conformation (39) should 
provide a dipole moment of about 40D, 
since this is the moment of y-butyrolactone 
(40). Calculation leads us to expect rend 
mation (38) to provide a moment of 1:5D. 
Free rotation of the methyl group through 
these two extreme conformations would 
provide an average moment of 24D. The 
measured value is 1:7D and does not change 
as the temperature of the ester 15 raised. 

We must conclude that methyl acetate 1s 
firmly held to conformation (38). The 
popular f this “conclusion is 
based on the concept that a pair of electrons, 
shown in (38) a5 belonging only to the oxygen 
atom of the methoxyl group, reaches to some 


forms respectively. 


interpretation o 
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extent into the carbon atom of the carbonyl 
group. This electronic redistribution, taken 
to 100 per cent, would result in structure 
(41): developed to the extent of only 10-15 
per cent it would provide partial double 
bonding between” methoxyl and carbonyl 
groups sufficient to require the methyl group 
of the methoxyl group to be near the plane 
of the rest of the molecule. This interpreta- 
tion does not diseriminate between conforma- 
tions (38) and (39): perhaps dipole-dipole 
interaction of methoxyl and carbonyl groups 
gives preference to (38). The partial double 
bonding introduced above is referred to as 
conjugation or electron delocalization. It 
lowers the internal energy of any molecule 
in which it occurs and may require a degree 
of molecular planarity which is not apparent 
from the usual formulation. Should we fail 
to recognize that a molecule like acetdi- 
methylamide (42) must have all but its 
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(43) 


hydrogen atoms close to one plane if nitrogen 
atom and carbonyl group are to be con- 
jugated, we would wonder why, despite the 
efforts of some of the world’s best chemists, 
the compound to be assigned the formula 
(43) has not been prepared (ef. 31). 

So far, this article has included very little 
chemistry, since it is concerned only with the 
shapes of molecules-a topie which these 
days requires no chemistry, Chemistry is 
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concerned with processes in which bonds are 
changed, some being broken, others being 
made, and we must direct our attention to 
the shape requirements of some of these 
processes if the word ‘stereochemistry’ is to 
appear in the title of this article. 


ADDITIONS TO ETHYLENIC DOUBLE BONDS 


Bromine rapidly adds on to ethylene to 
give ethylene bromide, from which ethvlene 
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can be regenerated through the agency of 
zinc: 
Zn 

CH5: CH, + Br; > CH,Br-CH,Br — CH4:CH, 
Similarly, both cis- and trans-2-butene com- 
bine rapidly with bromine to give 2.3-di- 
bromobutane, and if zinc is allowed to react 
with these two samples of dibromobutanc. 
that from cis-2-butene regenerates cis-2- 


butene while that from frans-2-butenc 
Bo A 
CH i 
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regenerates trans-2-butene. Thus we are 
driven to the surprising though unavoidable 
conclusion that the 2,3-dibromobutane from 
cis-2-butene is different from that from trans- 
2.butene. The accompanying chart shows 
all possible addition products of bromine with 
cis- and trans-2-butene. Each of the four 
formulae down the centre of the chart is the 
Fischer projection of the three-dimensional 
formulae which flank it. Molecular models 
save us much mental juggling when we try to 
assure ourselves that any three formulae of 
2,3-dibromobutane which are side by side can 
be interconverted merely by rotating one 
half of the molecule with respect to the other 
half, and that all three formulae thérefore 
represent the same molecule in different con- 
formations. Do the four rows of formulae 
represent four different molecules ? There 
are several ways of finding the answer. Let 
us find it by considering only the Fischer 
projections. 

All four projections look different: do they 
different molecules? If we 
turn over the lowest one, as we might turn 
over a hand from the palm-up to the palm- 
down position. it would then look like the 
ediately above it. But if a 
is to remain à Fischer 
projection. we must not turn it over in this 
wav. for if we do the bonds in a vertical 
plane will no longer be directed. away from 
us and the bonds in horizontal planes will no 
directed towards us. All we can do 
ix rotate it in the 
h 180°. If we do 


represent four 


projection imm 
Fischer projection 


longer be 
to a Fischer projection 
plane of the paper throug uM 
this to the bottom two projections each 
retains its identity: they represent two 
different molecules. If we slide between 
them a mirror which is perpendicular to the 
plane of the paper we see that each is Las 
mirror image of the other: they are optica 
isomers. Whether they are formed by trans- 
addition of bromine to cis-2-butene or Cìs- 
addition of bromine to trans-2-butené, they 
will be formed in equal amount: that is, 
2. 3-dibromobutane will be formed. 
the topmost projection 
through 180° it becomes the second one down: 
the top two projections represent the same 
molecule. When we place a mirror alongside 
these two projections we see that each is the 


racemic 
When we rotate 
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mirror image of the other: therefore, they 
represent a molecule which is not asymmetric 
and cannot be optically active, even though 
it contains two asymmetric carbon atoms. 
They represent meso 2,3-dibromobutane. In 
the meso form, both halves of the molecule 
are asymmetric and, as shown by a vertical 
mirror so placed as to bisect either of its 
projection formulae, one half of the molecule 
is the mirror image of the other half. We sce 
that 2,3-dibromobutane can occur in two 
optically inactive forms: the racemic form 
which is a mixture of equal parts of (+)- and 
)-2,3-dibromobutane, and the meso form 
in which all the molecules are identical and 
optically inactive. Meso and racemic forms 
are diastereomeric, since if we compare a 
molecule of the former with a molecule of 
either enantiomer of the latter we shall find 
the two molecules have the same configura- 
tion in one half of their molecules and 
opposite configurations in the other. The 
two different 2,3-dibromobutanes obtained by 
the addition of bromine to cis- and trans-3- 
butene must be the racemic and meso forms. 
but not necessarily respectively. How can 
we discover which form comes from cis-2- 
butene and which from trans-2-butene ? 

The addition of bromine to maleic acid 
gives a dibromosuccinic acid which is 
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different from the one obtained by the addi- 
tion of bromine to fumaric acid. Remember- 
ing how we resolved (--)-lactie acid with the 
aid of an optically active base, let us try to 
resolve these two dibromosuccinie acids. 
Success crowns our efforts only when we 
work on the one from maleic acid. Thus we 
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learn that maleic acid gives racemic dibromo- 
succinic acid and that the meso dibromo acid 
is obtained from fumarie acid. If we are 
persuaded by analogy, we shall expect the 
addition of bromine to cis- and frans-2 
butene to give racemic and meso 2,3-dibromo- 
butane respectively. We see that the addi- 
tion of bromine across an ethylenic double 


bond is orderly: stereospecific is the adjective 
which best describes it. The reaction is a 
trans-addition. 

Another chemical property of olefins is 
their ability to decolorize permanganate. A 
glycol is formed in this reaction, a hydroxyl 
group having been added to each of the two 
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racemic butan-2,3-diol 


carbon atoms involved in the double bond. 
The permanganate oxidation of cis- and trans- 
2-butene provides two different glycols: only 
the glycol from  trans-2-butene can be 
resolved (I wonder how it was resolved). No 
doubt the reaction of olefins with permanga- 


nate leads to the cis-addition of two hydroxyl 
groups. à 5 


ELIMINATION REACTIONS 


dus Oat fun ues ce eR dg 

* conformation to 
another, one half of each molecule being able 
to rotate with respect to the other half, this 
compound reacts with zine to give itas. and 
not eis-2-butene. Apparently, in this elimina- 
tion process the molecule is required to have 
the conformation in which the bromine atoms 
are most widely separated: that is, the con- 
formation in which the two bromine atoms 
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and the two carbon atoms that link them are 
allin one plane and the bromine atoms are on 
opposite sides of the bond joining the two 
carbon atoms. This requirement is repre- 
sented by formula (44). The reaction is 


Br Fe Zn H, CH, 
\ iP Ne c 
UA NN T cS 
4 Br H,C H 
H,C 3 
(44) 


meso-2,3-dibromobutane trans-2-butene 
stereospecific and is suitably described as a 
trans-elimination. This  stereospecificity 
allows the reaction of racemic 2,3-dibromo- 
butane with zine to give only cis-2-butene. 
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Molecules which have a hydrogen atom and 
a halogen atom attached to adjacent carbon 
atoms can react with base so as to lose the 
elements of hydrogen halide and acquire an 
additional bond between the two carbon 
atoms. What is the stereochemistry of this 
elimination process ! 

Having already obtained meso dibromo- 
succinic acid (45) by the addition of bromine 
to fumaric acid, let us now, through the 


agency of a base, remove from it the elements 
of hydrogen bromide. The product readily 
forms an anhydride and is therefore bromo- 
maleic acid (46). 

Similarly, racemic dibromosuccinie acid, 
which we obtained by the addition of bromine 
to maleic acid, gives bromofumaric acid. 
These reactions are trans-eliminations: they 
require the hydrogen and bromine atoms 
which are to be eliminated and the two carbon 
atoms which link them to be in one plane, 
and the hydrogen and bromine atoms to be on 
opposite sides of the bond joining the two 
carbon atoms. 

Stereochemistry is concerned with the 
geometry of chemical reactions, and it helps 
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us tremendously in our attempts to discover 
their mechanisms. The elucidation of the 
mechanisms of reactions not only satisfies 
our curiosity; it helps us to foretell the 
practical procedure most likely to bring 
about a required reaction. Although there 
are numerous reactions, there are but few 
types of reaction, each defined by its stereo- 
chemistry and mechanism. The fragment of 
stereochemistry provided by this article is 
concerned with the geometry of one or two 
addition and elimination processes; I hope we 
are ready and anxious to discover the stereo- 
chemistry of other types of reactions, 
especially that of substitution processes, since 
they make a vast contribution to chemistry. 
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Section 9 


Questions concerning the colours of chemical com- 


pounds must be among those most frequently received 
by teachers of elementary chemistry. Unfortunately, 
they are questions which cannot be answered simply. 
E. Jaffe and W. J. Marshall give an account of the 
colours of organic compounds and in doing so they 
give a very informative brief account of s and p 

orbitals, © and 7 bonding, and elementary spectro- 


Colour and 
photochemistry 


scopy. At a more advanced level, P. A. Leermakers 
and G. F. Vesley present an account of the inter- 
relation between photochemistry and electronic 
spectroscopy for the non-specialist in this field. 
Aspects of the colour of inorganic complex com- 
pounds are covered in Cotton's article on "Ligand 
Field Theory" (page 90) ; see also R. S. Nyholm in 
Chemistry To-day, OECD, Appendix to Chapter 7. 
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Reprinted from Chemistry, Vol. 37, No. 12, 1964, pp. 7-13. 


ORIGIN OF COLOUR IN ORGANIC COMPOUNDS. 


E.E. Jaffe and W.J. Marshall. 


Man's desire tor more cheertul and esthetically 
pleasing surroundings, where color plays a major 
role, has created a vast demand for synthetic 
dyes and pigments. During the last century 
studies of the relationship between the makeup 
of molecules and their color have been lifted 
from simple empirical statements of fact to 
sophisticated quantum mechanical treatments. 
Then to this complex treatment is added an- 
other factor—color is perceived by a complicated 
mechanism of message relay from eye to brain. 
Therefore the science of color includes not only 
and chemistry, but also biology and 
however, only chemi- 
dered with the 
c compounds 


physics 
physiology. In this article, 
cal and physical aspects are consi 
further limitation that only organi 
are included. 

The recent discovery that light has charac- 
teristics of both a particle and a wave has led to 
the conception of a light beam as a stream of 
particles, called photons, which in many re- 
spects behaves like a wave. AII photons have the 
same velocity, which is the speed of light, but 
their energies are related to wave lengths and 
therefore can differ. This relationship is shown 
by the equation E = 286,000/À, where E is 
energy of the photon stream in kcal. per mole of 
irradiated substance and À is wave length in 
angstroms (A.). This expression shows that the 
smaller the wave length, the higher the energy 
of absorbed light. 

Ordinary light is composed o! 
varying wave lengths, ranging 
500,000 A., which are divided in t 


f rays having 
from 1000 to 
he spectrum 


as follows: 
1000 A. 4000 A. 8000 A. ^ S000 A. 
Ultraviolet |9 Visible 9 Infrare | 
- A æ 1k 


is entirely arbitrary. 
the above equation, 
ultraviolet light has 
ess energy than visi- 


This division, however, 
Nevertheless, on the basis of 
it is easy to conclude that 
more energy, and infrared | 
ble light. 

It is visible light that produ 
color, and from a physical stan 
said that color depends on the ty à 
to absorb and reflect light in the visible region 
of the spectrum. For example, light composed of 
wave lengths ranging from 4450 to 4900 A. ap- 
pears blue, and if an object absorbs all light 
except blue, which it reflects or transmits, then 
the object appears blue. On the other hand, if it 
absorbs only blue light and transmits or reflects 
all other visible light, then the object appears 
orange, the so-called complementary color of 
blue. Conversely, the complement of orange is 
blue. When an object absorbs more than one 


ces the sensation of 
dpoint, it can be 
ability of objects 
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wave length, its color, a mixture of colors com- 
plementary to those absorbed, is frequently dull. 


Color of Absorbed Light Compared with 
Corresponding Complementary Colors 


Wave Color of 
Length, Absorbed Complementary 
A Light Color 

4000-4200 Violet Green-yellow 
4200-4500 Indigo blue Yellow 
4450-4900 Blue Orange 
4900-5100 Blue-green Red 
5100-5300 Green Purple 
5300-5450 Green-yellow Violet 
5450-5800 Yellow Indigo blue 
5800-6300 Orange Blue 
6300-7200 Red Blue-green 


When a molecule is struck by a photon, it may 
absorb energy and assume what is called an 
energy-rich or excited state. This excited mole- 
cule then either can give up its excess energy and 
return to the normal or ground state, or it can 
undergo chemical change. When energy is given 
up, it is usually in the form of infrared radiation 
or heat, but occasionally it can be in the form of 
visible light known as fluorescence. Such light is 
usually of longer wave length and lower energy 
than that absorbed. 

Light absorption is usually associated with 
the outer electrons in the molecule which are 
stimulated by light of specific wave lengths. If 
these electrons are firmly held within the mole- 
cule they respond only to light of high energy 
and therefore short wave length. If loosely held, 
they will respond to light of longer wave length 
and lower energy. When chemical change oc- 
curs, it is usually caused by high energy or ultra- 
violet rays. For organic compounds, breakage of 
chemical bonds (photolysis) requires energy in 
the range of 35 to 150 kcal. per mole, which cor- 
responds to absorption of photons having wave 
lengths of 8000 to 2000 A. 


Orbitals, Bonding, and Color 


An electron is likely to be found in a certain 
region of space called an orbital, the size and 
shape of which depend on the electron’s na- 
ture. For these orbitals shape is particularly im- 
portant because it determines spatial arrange- 
ments of atoms within a molecule and influences 
the molecule’s physical and chemical behavior. 
For this discussion, two general types of elec- 
trons, the s and electrons, are considered. 

The s electron is most likely to be found within 
a sphere-shaped atomic s orbital having as its 
center the nucleus of the atom. The p electron 
spends most of its time within the dumbbell- 
shaped atomic p orbital with the atomic nucleus 
lying between the two lobes of the dumbbell. 
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In diagrams for 
cyclic structures 
carbon atoms are 
at the intersection 
of any two bonds 
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In general, electrons in s orbitals are more stable 
and more tightly bound than those in p orbitals. 
When a chemical bond is formed between two 
atoms, the atomic orbitals overlap to form a 
molecular orbital. 

Sigma (s) Electrons. Bonds formed by the 
overlap of two s orbitals, an s and a $ orbital, or 
two f orbitals with a common axis are referred 
to as c bonds, and electrons which make up 
these bonds are sometimes referred to as ø 
electrons. For example, two s orbital 
to form the ø bond in the hydrogen molecule. 
ess the c bond in the fluorine molecule 5 
oe 2 the overlap of two coaxial $ orbitals 

In organic molecules, 
by two routes: overlap of 
as in the carbon-carbon 
and overlap of b-type ai 
carbon-hydrogen bond 


EE that the p-type orbitals in carbon are 
ybrids—that is, combinations of 1/4s and ?/4p 
orbitals, often called s$? hybrids. í 


, Organic Compounds w 
tightly 


s overlap 


o bonds are formed 
coaxial p-type orbitals 
bonds of cyclohexane; 
nd s orbitals, as in the 
of methane. It should be 


hich contain only 


bound ø electrons absorb in the ultra- 


Figure 1 


violet high energy region of the spectrum. Ex- 
amples of compounds which contain only c 
bonds include methane and cyclohexane, as 
shown above. They absorb in the ultraviolet 
region below 1500 A. and are, therefore, colorless. 

p Electrons. Organic compounds which con- 
tain elements other than carbon and hydrogen, 
such as nitrogen, oxygen, and sulfur, usually 
possess nonbonding p electrons as well as g elec- 
trons. These electrons are held less firmly than 
c electrons and allow the molecule to absorb 
light at somewhat longer wave lengths, although 
still in the ultraviolet region. Examples include 
methylamine and methyl alcohol, as shown 
above. 

Pi (x) Electrons. Organic compounds can 
also contain + bonds which are formed by the 
overlap of p orbitals with parallel axes. In 
ethylene—the simplest molecule containing a 7 
bond—each carbon is bound to the other carbon 
and to the two hydrogens by ø bonds. These 
bonds utilize one s and two of the three available 
p-type orbitals of carbon. The remaining f 
orbital of each of the two carbon atoms has 
equal lobes which lie above and below the plane 


equal lobes which lie above and below the plane 
of the molecule. Overlap of these parallel p 
orbitals causes the formation of a x bond, usually 
designated as an additional bond between the 
two carbons of ethylene, H.C=CH,, as shown 
above. Electrons which make up a 7 bond are 
referred to as r electrons. Pi bonds are usually 
weaker than e bonds since they are formed only 
when p orbitals are forced to be parallel by the 
presence of g bonds formed from other orbitals. 
Pi electrons which arc part of any multiple bonds 
or unsaturated linkages are less firmly held than 
o electrons. Compounds such as ethylene, stil- 
bene, and azobenzene, shown below, containing 


such linkages absorb light at wave lengths in the 
near ultraviolet or sometimes in the visible region 
of the spectrum. 

Grace and Liebermann (7) in 1868 recog- 
nized that color in organic compounds is as- 
sociated with the presence of multiple bonds. A 
few years later, Witt (4) coined the term chro- 


mophore (from Greek chroma meaning color, 
and phoros meaning bearer) for groups which 
give rise to color. The term is now used to 
designate 7 electron groups. A series of common 
chromophores is listed below. 
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The term auxochrome (from Greek auxo 
meaning increase) was applied to groups which 
played an auxiliary role in enhancing and modi- 
fying color. The term now designates f electron 
groups. The following groups are frequently 
encountered auxochromes. 


—NR. —NHR —NH. —OH —OCH: 
Dialkyl. Alkyl- Amino Hy- Methoxy 
amino amino droxy 


The vast majority of colored organic com- 
pounds showing selective absorption in the 
visible spectrum contains conjugated 7 electrons 
(double-single-double-bond sequence) referred 
to as 7-7 conjugation; in many cases 7 electrons 
conjugated with p electrons are referred to as 
p-r conjugation. 


Resonance 


To understand the meaning of conjugation 
in a broader sense and, in effect, the source of 
color in organic molecules, the term resonance 
must be understood. Resonance occurs when- 
ever a molecule can be represented by two or 
more structures which contain the same number 
of paired electrons and differ only in the ar- 
rangement of these electrons, not in the position 
of its atomic nuclei. Resonance: is particularly 
important when all or some of the contributing 
structures are of about the same stability, as is 
the case with benzene and its derivatives. For 
example, p-aminonitrobenzene, the orange sub- 
stance shown in Structure I, a, b, and c, cannot 
be described adequately by one formula. It 
requires several formulas, three of which are 
shown here. This compound shows a consider- 
able dipole moment because of charge sepa- 
ration, electrons having been shifted from the 
amino group to the nitro group, as shown by 
the formula with circled charges (Structure 
I, c). The present view is that p-aminonitroben- 
zene, like all colored substances, possesses a 
single structure at all times, which is intermedi- 
ate between several formulas, including the three 


For unsaturated 
carbon atoms, 
hydrogen atoms 
are assumed to be 
attached 


il 
J Eu 
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p-Aminonitrobenzene 
(orange) 


Structure I 


Nitrabenzene 
(pale yeilow) Nitrocyclohexane 
(colorless) 


Structure II 
Structure III 
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Azoxybenzene Thiobenzophenone 
(pale yellow) (blue) 
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Structure IV 


olo 


Diphenylpolyenes 


Structure V 


Lycopene 


Structure VI 


shown in Structure I, a, 6, and c. Graphically, 
its structure is described by formulas in which the 
double-headed arrow ++ representing resonance 
must be carcfully distinguished from a pair of 
arrows £3 which represent a chemical equilib- 
rium. Were it not for the resonance phenomenon 
which requires consideration of many structures 
where the amino and nitro groups are important, 
p-aminonitrobenzene would not be colored. 
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Diphenyldecapentaene 
(orange) 


ofie 


b ecd i Len 


e 
(colorless) 


Structure VII 
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Structure IX 
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Triphenylmethyl cation 
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Triphenylcarbinol 
Structure X 


QC 


Structure XI 


HC. 


By removing the amino auxochrome from p- 
aminonitrobenzene and replacing it with hy- 
drogen, light absorption of the resulting corn- 
pound, nitrobenzene, is substantially diminished 
and shifted to shorter wave lengths. This elim- 
inates the important contributing structure in 
which charge separation is shown (Structure II). 
However, nitrobenzene, a resonance-stabilized 
molecule, is pale yellow due to the nitro chromo- 


phore. If most of the resonance in nitro- 
benzene is eliminated by saturating the double 
bonds in the benzene ring with hydrogen, the 
color is eliminated. Nitrocyclohexane (Structure 
III) is a colorless compound. 

The presence of resonance does not assure 
absorption of visible light, but most colored or- 
ganic substances do exhibit resonance. In gen- 
eral, the larger the number of resonance 
structures that can be written for a compound 
and the closer the estimated stabi 
individual structures, the smaller is the energy 
required for excitation of the molecules and the 
longer the wave length of light absorption. 

Like the nitro group, there are other chromo- 
phores which are sufficiently potent to confer 
color on compounds which contain only one of 
these groups. Thus, both azoxybenzene and 
thiobenzophenone are colored substances (Struc- 
ture IV, a and b). 

The double bonds (7 clectrons) in the benzene 
rings of the two compounds could be con- 

ditional chromophores, but though 


strued as ad 
they do contribute to color, they are not com- 


parable in degree of unsaturation to the olefinic 
double bonds (ethenyl chromophores). In most 
cases, more than onc chromophore group must 
be present to give rise to color. For example, ace- 
tone is colorless, but diacetyl is yellow and 
2,3,4-triketopentane is yellow-orange. 


H,C—C—CH: Hiec e 
I 


oO 
Diacetyl 


Acetone (yellow) 


(colorless) 


H,c—C—C—C—CHs 
how d 


2,3,4-Triketopentane 
(yellow-orange 


A series of compounds, called diphenylpoly- 
enes (Structure V), best illustrates the effect on 
color of increasing the number of chromophoric 
groups. To explain the yellow and red colors of 
the isomeric hydrocarbons carotene and lycopene 
(CHEMISTRY; February 1964, page 26), which are 
natural pigments found in carrots, tomatoes, and 
many other fruits (Structure ¥ I), Kuhn and co- 
workers prepared a scries of diphenylpolyenes in 


d from 1 to 7. They found that in 


which n range : > | 
this series of compounds an increase in the value 


of n from 2 to 3 gave rise to color, and subsequent 
H H 
Iud 


additions of —C=C— caused a shift of all 
peaks to longer wave lengths. Throughout the 
series, the intensity of absorption increased quite 


uniformly from the first to the last compound. 


Effect of Increasing (7-7) Conjugation on Longest 
Wave Length Absorption (3) 
Wave Length 
of Absorption, A. 


Color in 
Benzene Solution 


E 


1 3190 None 

2 3520 None 

3 3770 Pale yellow 

4 4040 Green-yellow 

5 4240 Orange 

6 4450 Brownish orange 
7 4650 Copper bronze 


This study showed that a system of conju- 
gated double bonds of suitable length is sufficient 
to confer color on long-chain hydrocarbons, a 
conclusion that was valuable in interpreting color 
in carotenoid pigments. The diphenylpolyene 
series of compounds differs from the natural 
pigments in that it contains benzene rings, so 
that fewer than 11 conjugated double bonds are 
needed in lycopene to obtain a similar color. 

The involvement of benzene rings in the gen- 
eration of color is quite important. This was 
shown conclusively by formation of colorless 
diphenyldecatetraene, the initial product ob- 
tained from the reduction of orange diphenyl- 
decapentaene (Structure VII, a and 6). The 
orange compound has many more contributing 
resonance structures than. the colorless com- 
pound in which the double-single-double bond 
sequence has been interrupted. One contribut- 
ing structure of the orange compound with 
extreme charge separation is shown in Structure 
VIII, a and 6. There are many other resonance 
structures in which charge separation is not 
so distant. The number of the total contributing 
structures increases rapidly as the number of 
conjugated double bonds increases. In the 
colorless compound, resonance of olefinic double 
bonds involves fewer z electrons. This gives rise 
to fewer contributing structures which are 
insufficient for color generation. The contribut- 
ing structure with the most distant charge 
separation is shown in Structure IX, a and b. 
Thus, the shorter the conjugated system, the 
fewer resonance structures can be written and the 
shorter the wave length of light absorption. 

As stated earlier, auxochromes contribute to 
enhancement of color because their p electrons 
conjugate with the 7 electrons present in the 
molecule. This contributes additional resonance 
structures. For example, while triphenylcarbinol 
is a colorless compound and the triphenylmethyl 
cation formed from it in acid solution is pale 
colored (Structure X, a and b), introduction of 
auxochromes enhances the color considerably. 
The additional resonance structures which can 
be written for the unsubstituted cation, one of 
which is shown in Structure XI, are usually 
associated with absorption in the ultraviolet 


region of the spectrum. Introducing two auxo- 
chrome dimethylamino groups in the most 
distant (para) positions of two benzene rings 
gives rise to additional important resonance 
structures involving p-m (auxochrome-chromo- 
phore) conjugation. Two of many additional 
structures are shown in Structure XII, a and b. 
The compound is called malachite green because 
it resembles the color of the copper ore malachite. 
It imparts a beautiful blue-green color to wool 
; and silk. 
"de icum 7 | By introducing a third dimethylamino group 
€ b x into the third benzene ring, more structures can 
be written. Crystal violet, an important one, is 
Structure XII. Malachite green shown in Structure XIII. Crystal violet is an 
aa z - T : excellent dye for silk and wool. As in malachite 
CH CH; green, resonance distributes the positive charge 
i | | over many atoms and 56 different resonance 
Re^ OL OT structures can be written. However, resonance is 
highly impaired when the positive charge is 
c > either removed or immobilized. Thus treatment 
of crystal violet with base gives rise to the colorless 
compound, crystal violet base (Structure XIV). 
Likewise, on treatment with a sufficient amount 


HC Sin of acid, a colorless trication is obtained in which 

] the positive charges are immobilized (Structure 

Structure XIII. Crystal violet | XV) because the p electrons of the nitrogens 

De = — are involved in bonding and therefore are not 

HG ya CHS e] available for conjugation with the z electron 
N 4 » y system. 

ae NX To create color, it is not necessary that the 

Hs CH; charge be positive because resonance can occur 


equally well in an anion. Triphenylmethane, a 
AE colorless compound (Structure XVI) can be 
Hc Sch, converted by reaction with base to an orange 
triphenylmethyl anion, the structure of which 
can be described accurately only by many 
formulas, two of which are shown in Structure 
XVII, a and b. The acid base indicator phenol- 
phthalein and the dye eosin belong to this general 
class of compounds. 


Molecular Orbital Method 


All colored compounds which have been con- 


H-N—CH, 1 Sidered have one important feature in common 
dx, —they exhibit the phenomenon of resonance. 
Triphenylmethane Several theories have been advanced to explain 

Structure XV Structure XVI the relationship between resonance in organic 


molecules and absorption of light in the visible 

Spectrum. Based on such theories, attempts have 

i e been made to correlate structure with color. 
DISC or IG However, not until the advent of quantum 

1 °C C mechanics and the development of the molecu- 
| 4 dad b lar orbital method for numerical calculations 
| of resonance energies, was it possible to calculate 


Structure XVI —— and predict spectra and, consequently, color of 
à i certain compounds. In this method, the elec- 
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Figure 2 


Benzene 


tronic configuration of a molecule is treated as 
an electronic cloud around the molecule rather 
than as individual electrons shared by atoms. 
To illustrate: In the planar benzene molecule, 
the p orbital of any of the six carbon atoms not 
used in ø bonding overlaps with the p orbital 
of an adjacent carbon to form a m bond—as in 
the ethylene molecule described earlier. Because 
of the symmetrical arrangement of the atoms, 
however, each p orbital can overlap as much 
with a p orbital of a neighboring carbon on one 
side as on the other. The addition of all six 
atomic p orbitals gives a molecular orbital which 
is continuous about the entire ring and which 
resembles two somewhat bumpy doughnuts 
(Figure 2), one on each side of the plane of the 
atomic nuclei. 


Considering all necessary molecular orbitals 


to which the six 7 electrons of the benzene sys- 
tem are assigned, it is possible to obtain an over- 
all electron distribution. When substituents—for 
example, auxochromes—are attached to the 
benzene ring, their P orbitals become part of 
the molecular orbitals of the system. Details of 
this treatment are beyond the scope of this 
article, but the results of one study (2) involv- 
ing aromatic systems are described below. i 
For the following imaginary compounds in 
which A is a chromophore and B an auxo- 
chrome, the wave length of major light absorp- 
tion was calculated and compared with measured 
light absorption of the series O| 
which 4 = NOs and B = NH» 


f compounds in 


A A A 
| | 8 A 
8| 6 
B| 8 |8 
Angstrom, 
calculated 3200 3700 4200 5000 
Angstrom, 
measured 3720 3860 4080 4700 


Agreement, though quantitatively inexact, is 
remarkable in view of the fact that the calcula- 
tions were carried out for a pair of imaginary 
groups for which certain reasonable values were 
assumed for the required parameters or con- 
stants. The same authors have made calculations 
which can be indirectly., used in comparison of 
the colors of the following two isomeric com- 
pounds shown at the right. 

The calculations predict that the first com- 
pound should absorb light at longer wave 
lengths than the second compound and the dif- 
ference in wave lengths of their major absorp- 
tions should be approximately 1100 A. The two 
compounds are in fact red and yellow pigments, 
respectively. 

This approach holds much promise for future 
calculations of spectra and, consequently, the 
prediction of color for many known and as yet 
unknown colored organic compounds. 
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l. has been known for well over one 
hundred years that organie molecules may be trans- 
formed by ultraviolet and visible light, but for most of 
the last 50 years the science of photochemistry has 
resided mainly in the realm of the physical chemist. 
Relatively simple systems Were studied, and often the 
emphasis was on secondary free radical processes 
rather than on the primary photochemical process. In 
the last few years, however, the scope of the field has 
expanded tremendously, 8$ manifested by the nu- 
merous reviews on the subject (1-8). 

There are several reasons for the recent interest in 
photochemistry. The two major ones probably are: 
the absorption of photons having a specific selected 
energy can accomplish syntheses which may be difficult 
or impossible by conventional (thermal) methods, and 
there is rapidly growing interest in the theory of the 
relationship between the nature of the excited state ofa 
molecule and its photochemical behavior. This 
paper will primarily deal with the latter subject. 

In essence, the science of photochemistry is the 
detailed history of a molecule, from the time absorption 
of a photon raises it to an excited state from its ground 
state to the time it returns to its ground state or until 
products derived from it become stable species in their 
ground states. EY photochemical reaction is any 
chemical reaction initiated by ultraviolet or visible 
radiation. It is obvious that for a photochemical 
reaction to occur, light must be absorbed by some 
molecule in the system, and hence this molecule must 
possess an absorption band corresponding to the 


wavelength of the incident light. 


Elementary Spectroscopic Concepts (9-22) 


An organic molecule in which all of the electrons are 


in “stable orbitals” and are paired is said to be in the 
ground singlet state, Sy- The stable orbitals will be 
bonding molecular orbitals, and may also be nonbonding 
atomic orbitals if heteroatoms such as nitrogen or 
oxygen are in the system. When a photon is absorbed 
by the molecule, one of the electrons m à bonding or 
nonbonding orbital is excited to an unoccupied orbital 
of higher energy—an antibonding molecular orbital. 
Since spin must be conserved in this process or tran- 
sition (see below), the excited state so produced will be 
an upper singlet state, Sn; with all electronic spins 
still paired, and multiplicity still equal to one." The 


1 The spin, S, of an electron is £1/2, The multiplicity of a sys- 
tem is given by the formula 2[S| + 1. For a singlet with all spins 
paired the total spin is Zero. Therefore the multiplicity 2|8| + 
1 = 1. Should two electron spins become unpaired, and net. spin 
= -£1, then the multiplicity 9|S| + 1 = 3, and the state is suid 


to be a triplet (7) (23). 


ntribution No. 17 


Organic Photochemistry 
and the Excited State 


initially excited molecule may find itself i y ` 
allowed vibrational levels of the S, Did A 
state, but very rapidly, in the order of 107'* see, it 
decays to the lowest vibrational level of the S state 
If 8. isa higher energy state than the lowest ots first 
excited singlet state (i.e., n > 1), it will quickly decay 
nonradiatively by a process called internal pere 
in the order of 10-" sec to the S, state which Dos 
possesses a longer lifetime of 107^ to 10-7 sec. As 
ee) the notation, the multiplicity has remained 


BA ateray ater. 
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crossing 
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~— Fluorescence 


Figure 1.. Straight lines indicate absorption or emission of a photon; 
wavy lines indicate nonradiative transitions. ^ 


At this point the generality in the spectroscopie 
history of organic molecules in condensed phases 
vanishes, and a number of paths are available for the 
decay of the Sı state—depending upon the nature of the 
molecule, the temperature, and the physical state. 
Figure 1, known as a Jablonski Diagram, illustrates 
these paths. A molecule in the S; state may return 
directly to the ground state by emission of a photon 
(a radiative process) called fluorescence, or by internal 
conversion, the nonradiative process in which the 
energy is thermally dissipated to the surrounding mol- 
ecules. In either case the initially promoted electron 
simply returns from the antibonding orbital to the 
bonding or nonbonding orbital whence it came with no 
change in spin. 
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The molecule in the Si state may also undergo 
chemical reaction such as decomposition, isomerization, 
or rearrangement. More about specifie chemical re- 
actions will be considered lat In addition, the 
molecule, by a process known as excitation transfer, 
may revert directly to the ground state and excite a 
neighboring molecule to an electronically excited 
singlet state‘of equal or lower energy. A final pos- 
sibility of great interest is that the molecule in the Si 
state can undergo a nonradiative process called inter- 
system crossing to the triplet state. The triplet state 
has a net spin of one and hence a multiplicity of three. 
Intersystem crossing is “formally forbidden” because it 
involves a change in electronic spin (the spin of the 
promoted electron may be thought of as having been 
inverted), but it occurs with an amazingly high cf- 
ficiency, in the order of 10-9 see, in certain organic 
molecules, most notably many aromatic and carbonyl- 
containing compounds. For cach excited singlet state 
(i. 5 Sz, S3) there is a corresponding triplet state 
(11, T, Ts) with two electrons with spins unpaired. 
The triplet is always of lower energy than the cor- 
responding singlet. This situation is covered by the 
generalization known as “Hund's first rule" (24) which 
states that a system of highest multiplicity will have 
the lowest energy. This may be naively visualized by 
considering that if the spin of the promoted electron 
is no longer paired with its original partner (i.e., the 
spins are now in the same direction), the electrons 
cannot get very close to each other in space without 
violating the Pauli Exclusion Principle. Thus inter- 
eleetronic repulsion is minimized, and the energy of the 
system is correspondingly lowered. If a higher 
triplet (7%, Ta, ete.) is formed by intersystem crossing, 
which would happen if 7, is lower in energy than S, or 
improbably, if S2 or some higher initially excited singlet 
eee state underwent intersystem crossing faster 

han internal conversion, this triplet will undergo 

rapid internal conversion to the lowest triplet Ti. 

Since a molecule in the S excited state has a number 

of paths open to it, so also does a molecule in the T 
state. The point to be stressed here is that the T, 
ite era ueh longor tine than the Ses” 
Jacto on or more. This is because the 
molecule in the lowest triplet state cannot retur 
the ground state without inversion of an be ies i 
(the ground state is a singlet). Since an say 
to the ground state will be formally forbidden the 
molecule may potentially remain in the TA de 
considerable time, even as long as a Second in extreme 
e Pie ou of course, the excited triplet 
molecule: does ate "ner, iati 
and dh Tata "Ue fee ni ux oe 

Hd ü £ 775, radiative transi- 
tion is known as phosphorescence (usually observed onl 
at low temperatures such as that of liquid uitrogen, 

Phe photon emitted has lower energy than that in Si- 
Sy fluorescence, and thus the luminescence appears at 
correspondingly longer wavelengths 


“The phosphorescence spectrum of a molecule is the most cone 
Yement source of information concerning its triplet energy level, 
The wavelength of the emitted photon may be directly ted to 
Ws energy, which will be the difference: in energy between the 
Ty and groune nd Kas were the first work- 


er ; to sleuth the phosphorescence Spectrum ef an organic mole- 
cule as T, 


u radiative emission 
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The nonradiative paths are (a) simple thermal 
decay to the ground state, this process being in a sense 
a combination of intersystem crossing and internal 
conversion, (b) photochemical reaction to Yield a new 
molecule, and (c) energy transfer to a neighboring 
molecule so that the latter in turn is excited to a triplet 
state of equal or lower energy. If the T, state of the 
neighbor (and potential acceptor) is higher in energy 
than the T, energy of the donor, the excitation transfer 
will, of course, not occur, A fascinating new area of 
photochemistry is the study of the chemical reactions 
taking place in the acceptor molecule after it has been 
“sensitized” or energized by the triplet donor. ‘This 
subject will be discussed later in some detail, 


Types of Electronic Transitions 


Thus far the discussion has centered around the 
multiplicity and lifetimes of excited states, without 
regard to the actual electronic structure of the exeited 
state. To the organie chemist there are two important 
kinds of electronic transitions leading from the ground 
to an excited singlet (and perhaps then to a triplet) 
state that occur in the accessible region of the ultra- 
violet. These are known as z-z* and n-7* transitions, 
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Figure 2. Orbital diagram of carbonyl chromophore. The shaded 
areas are the z* (antibonding) molecular orbital. Areas enclosed in 
dotted lines ore the x (bonding) molecular orbital. The small arrows 
represent electrons. The two electrons next to oxygen are in the non- 
bonding 2p, atomic orbital of oxygen. The 2s electrons on-oxygen are 
not shown. The straight line between the carbon and oxygen atoms 
represents a sigma bond, the electrons in which are not excitable in the 


near (2000-4000 A) ultraviolet. 


and the corresponding excited states so produced are 
known as z-z* and n-z* states. Consider a simple 
carbonyl compound (where the S, state is usually n- 
7* and S, is z-7*) which has, in the ground state, two 
electrons in the bonding 7 orbital of the C=O double 
bond and two electrons in the nonbonding p, orbital 
on oxygen (Fig. 2). Promotion of one of the electrons 
shown to the z* antibonding orbital will giv se to 
an excited state. If the electron is promoted from the 
2p, nonbonding orbital on oxygen the transition is 
designated n-z*, whereas if the electron arises from the 
7 bonding orbital, the transition (and resultant excited 
state) is known as z-z*. Since the decay (internal 
conversion) from the higher energy to the lower energy 
state is very fast, it is obvious that the kind of excited 
state which is lowest will play a significant role in the 
photochemistry of the molecule. The n-7* state has a 
good deal of free radical character on oxygen due to 
the lone electron left in the p, orbital, but the 7-7* 


state does not We will sec later how this fact affects 
the photochemistry of various carbonyl compounds. 
In general n-z* transitions are characterized by low 
intensity (e < 200), the maximum is shifted toward the 
blue in hydrogen bonding solvents (the p, electrons 
become "hydrogen bonded" and require more energy 
for their excitation), and the transition may vanish 
completely in strong acid media. A z-z* transition is 
usually of much higher intensity, and shows a much 
smaller solvent dependence—in the opposite direction; 
i.c., the maximum shifts slightly toward the red as the 
medium becomes more polar. 


Transition Probability 


The transition probability is a measure of the proba- 
bility that a photon, possessing the appropriate energy 
(ie., of the right wavelength), rather than passing 
directly through a molecule, will be absorbed causing 
an electronic transition. The oscillator strength (f) is a 
measure of the transition probability, and will vary be- 
tween zero and one depending upon the molecule and 
transition involved. The oscillator strength may 
be found from the relation: 

f = 4319 X 107%edr 


where € is the molar extinction coefficient at the 
maximum of the absorption band, and » is frequency in 
em-!. The coefficient before the integral is essentially 
a normalization factor, and f is unitless. The oscillator 
strength is related to the mean radiative lifetime of the 
excited state by the approximate expression: 

1,500 


7 


t= 


where 7 is absorption maximum in em! and 7 is the 


mean lifetime. As one can see, as the probability ofa 
transition increases 8$ manifested by increasing f or €, 
the lifetime will correspondingly decrease. | Transitions 
will not be allowed (f will be very small) if there is no 
spatial overlap of the orbitals in which the promoted 
electron resides in the ground and in the excited state, 
if spin is not conserved, i.e., & change in multiplicity oc- 
curs, and if certain symmetry requirements are not 


fulfilled. 


Energy Transfer 
an excited molecule in the Sı 


h other possible paths of decay, 
a neighboring molecule, 
tor to an electronically ex- 
If D is the donor 
the process may be 


As mentioned earlier, 
or T, state can, along wit 
transfer its excitation to 
thereby exeiting the accep 
cited state of equal or lower energy. 
or sensitizer, and A is the acceptor, 
written: 

he 
D— D* 

D* +A— D + A* 
Ato A+ hy 
At — A + heat 
At — products 


singlet excitati bservable by 

The transfer of singlet excitation, 0 r 
studies of induced fluorescence, has been established for 
Forster (15) proposed a theory of 


some time (14). M 
t-singlet energy transfer arising from 


long range single 


coupling of the transition dipoles of sensitizer and ac- 
ceptor molecules. This theory requires that there be 
some overlap between the fluorescence spectrum of the 
donor and the absorption spectrum of the acceptor, 
even though the process is not a radiative emission- 
absorption phenomenon. 

D Of more use chemically, and of great intrinsic interest, 
is the phenomenon of triplet-triplet energy transfer. 
This is not a long range effect, but does appear to occur 
upon every collision of a donor with an acceptor of lower 
triplet energy (26). The process may be thought of as 
a coupled transition, which should have no spin re- 
strietion and thus be perfectly allowed since the net 
multiplicity of the donor-aeceptor system does not 
change. Figure 3 schematically represents the process. 
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Figure 3. Energy diagram for triplet excitation transfer. Solid line 
represents radiative absorption, wavy line intersystem crossing, dotted 
line the coupled T-T transition, Note that the acceptor singlet states are 
not involved. 


Terenin and Ermolaev (27-29) were the first investi- 
gators to report triplet-triplet energy transfer by their 
observation of induced phosphorescence at 77°K in a 
rigid matrix. By selectively exciting sensitizers such 
as benzophenone or benzaldehyde, both of which under- 
go efficient intersystem crossing, in the presence of 
relatively high concentrations of naphthalene (which 
has a lower energy 7; state but higher energy Sı state 
than the two benzoyl compounds), they found phos- 
phorescent emission from the carbonyl compounds and 
naphthalene. Where naphthalene had been a nearest 
neighbor to a benzophenone (or benzaldehyde), ap- 
parently energy transfer occurred with the resulting 
emission of a photon from the quencher (acceptor). 
Backstrom and Sandros (30, 31) shortly thereafter ob- 
served induced phosphorescence of biacetyl in solution, 
and since 1961 numerous workers have employed 
sensitizers (triplet donors) in solution in order to effect 
an easy method for obtaining triplet states of molecules 
where intersystem crossing is very inefficient or does 
not occur at all, to put energy into molecules whose Si 
states are too high in energy to excite conveniently with 
available light sources, and to obtain triplet states of 
molecules where the singlet is too chemically reactive 
to have time to undergo intersystem crossing. The 
value of triplet-triplet energy transfer as a synthetic 
tool has been enormous. 
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Triplet Energy Transfer in Photochemistry 


Rather than attempt to cover extensively the field of 
sensitized or triplet donor-induced chemical reactions, 
we shall limit ourselves to specific illustrative examples 
in several general areas. 


Sensilized Photodecompositions. Ethyl pyruvate, al- 
though decomposing relatively efficiently by direct 
irradiation, has been found to decompose nearly 
twice as efficiently in the presence of benzophenone 
(32). 


00 o 


cu.td_ocu.ca, —"— ocr. + co 
(C4H4CO 

In the latter case virtually all of the light was ab- 
sorbed by benzophenone; thus if energy transfer were 
not occurring, no reaction at all would ensue. The fact 
that benzophenone undergoes exceedingly efficient 
intersystem crossing indicates that it is triplet excita- 
tion being transferred. Another example of sensitized 
decomposition is found in the case of diazomethane, a 
compound that readily decomposes by direct irradia- 
tion to yield methylene and nitrogen. 


hy 
CY "anco CHa + Ne 

Energy transfer from benzophenone leads to the same 
fragments, but the electronic spins in the carbene thus 
produced are in this case unpaired (33). The difference 


between triplet and singlet methylene is manifested by 
different chemical behavior. 


Sensitized Olefin Isomerization. It has been known 
for a considerable period of time that direct irradiation 
How- 
riplet 

(34), 


1,3-pentadienes, the mixture becomes iner 
in the trans isomer i 


is lowered (as one goes from 


where isomerization no longer o 
explained on the basis that the cis pen: 
lies lower in energy than the trans; thu 
energy becomes increasingly lower, į i 
lectively donate exéitatian bo the eis ESS 
the trans will begin to become endothermic. an 
though the cis and trans triplets both decay about 
evenly to cis and trans ground state molecules, selec- 
tive excitation of the cis will eventualy lead toa 
“photoequilibrated” mixture rich in trans. When the 
donor energy goes below the cis pentadiene triplet 
energy, no isomerization at all occurs, 


tadiene triplet 
s as the donor 


Sensitized Olefin Dimerization and Ring Closure Re- 
actions. ‘This area represents the greatest synthetic 
utilization of triplet energy transfer. A most dramatic 


example of ring closure is found in the transformation 
of norbornadiene to quadricyclene. 
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Dauben and Cargil (37) found that direct irradiation of 
norbornadiene at 2050 À led to the ring-closed product. 
slowly and in relatively low yield. However, Ham- 
mond, Turro, and Fischer (38) found that irradiation of 
the diene at 3130 À in the presence of acetophenone as 
sensitizer led to the formation of quadricyclene in 9597 
yield. Since singlet-singlet transfer to the diene from 
acetophenone is energetically impossible, the triplets 
of the two molecules probably lie fairly close together 
and acetophenone can and does act as a triplet donor. 

Direct irradiation of 1,3-cyclooctadiene for long per- 
iods of time produces the bicyclic structure I (39). 


O + © 


The same result may be obtained more rapidly by uti- 
lizing benzophenone as a sensitizer (4). In some cases 
utilization of a sensitizer is the only way in which clo- 
sure may be carried out. Endo-dicyclopentadiene 
shows no cycloisomerization upon direct irradiation, 
but in the presence of a sensitizer (acetone in this case) 
good yields of the caged compound II are obtained (40). 


he 
(CH; CO 
/ 
II 


Photodimerization of butadiene has been studied in 
the absence and presence of triplet donors. Although 
purely thermal dimerization yields primarily 4-vinyl- 
cyclohexene (41), about 4% trans-divinyleyclobutane 
with traces of octa-1,3,7-triene (42), direct irradiation of 
1,3-butadiene yields seven dimers, the principal ones 
being shown below. The major product is 2-vinyl- 
bicylo-[3.1.0]-hexane III (43). 


a. = Oy OL = 
wee m / LI Oo 
Oo 
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Photosensitized dimerization of butadiene yields only 
three dimers (38, 44) cis- and trans-1,2-divinyleyclo- 
butane and 4-vinylcyclohexene, the ratio of products 
being dependent on the sensitizer used. Numerous 
other examples of sensitized olefin dimerizations have 
appeared recently in the literature, but will not be 
discussed here. | i | 

Energy transfer from an inorganic species, triplet 
mereury atoms (in the vapor phase), has recently been 
utilized by Srinivasan to carry out the following in- 
teresting transformations (45, 46): 


hy (2587 A / 
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UN = CHCHECILCH=CH. Te 
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The 


The Nature of the Excited State 
and Photochemical Reactivity 


Photoreduction of ketones (and aldehydes) in the 
presence of hydrogen donors, 
[0] HO OH OH 
nar + R'H E Rd + R:CR’ + R'—R' 


is a well known photochemical process (47-49). Prior 
to 1960 the literature dealt with the chemical mecha- 
nism—hydrogen atom abstraction by the excited 
carbonyl onto oxygen leaving a dialkyl (or diaryl) 
hydroxymethyl radical along with the radical derived 
from the hydrogen donor molecule. Subsequent cou- 
pling of identical radicals yields the pinacol and the 
dimer derived from the hydrogen source. Cross cou- 
pling (coupling of the two different radicals) also occurs. 

There has been much recent interest in the multi- 
plicity and nature of the chemically active excited state 
involved in photoreduction reactions. The results will 
be discussed in some detail since the information ob- 
tainedeis exceedingly pertinent to the theme of this 
paper. 

Hammond and co-workers (50) and Backstrom (30) 
deduced that the chemically active excited state re- 
sponsible for photoreduction of benzophenone and 
presumably other ketones 8$ well is the triplet. Ham- 
mond’s original argument was based on considerations 
of lifetime (the singlet would be too short-lived to seek 
out a hydrogen donor), and was further strengthened 
by the fact that paramagnetic species which deactivate 
triplet states and species with lower-lying triplets, which 
would act as excitation acceptors thus deactivating 
triplet benzophenone, markedly reduced the efficiency 
of the photoreduction. Phosphorescence | studies at 
77°K (51) had previously indicated that intersystem 
crossing in benzophenone was extremely efficient, thus 

t too surprising. . 
The question now arises as to the nature of the excited 
triplet involved in the photoreduction, 16^ is the state 
n-z* or r-7*? is of phosphorescence and 
other data, it is felt that the lowest and hence chemically 
active triplet of benzophenone and other ketones that 
undergo facile photoreduction is n-z*. This is m- 
herently reasonable, since as we have already seen the 
n-z* transition involves promotion and hence removal 
of an electron in & nO 


nbonding P orbital on oxygen 
leaving a single odd electron to Occup: 


y the orbital. 
This gives the oxygen atom considerable free radical 
character enabling it to al 


bstraet radical hydrogen 
rather easily, especially so when one considers the higher 
energy of the O—H bon! 


d formed in relation to the energy 
of the C—H bond broken in 


thé hydrogen donor (an 
ether, secondary alcohol, many hydrocarbons, but not 
benzene). 


It has, however, 


ee = 


heen found that certain carbonyl 


compounds such as 2-acetylnaphthalen = 
naphthaldehyde (52) and cole ne gee 
phenones (58) are extremely inert to photoreduction, 
even by exceptionally good hydrogen donors Only 
tri-n-butylstannane, with an exceedingly weak Sn—H 
bond (and thus, perhaps, one of the best known sources 
of radical hydrogen) could effect photoreduction of the 
naphthoyl compounds. Hammond and Leermake 
(62) and Pitts (53) each proposed that the reason f 5 
inefficient photoreduction of the above Coin was 
that for these molecules the lowest triplet state “es 
x-x* rather than n-x*. Phosphorescence data on these 
compounds seemed to confirm this proposal. Although 
in unsubstituted benzophenone the carbonyl grou, SE 
conjugated with the phenyl groups, and the lowest 
triplet is n-r*, the extra conjugation found in the naph- 
thoyl compounds and certain substituted bannie. 
nones alters the energy levels of the excited states such 
that the lowest triplet in these cases is z-x* rather 
than n-z* (Fig. 4). As can be seen from Figure 4, th 
fact that the lowest excited singlet (Sı) may be n- + 
does not necessarily mean that the T' state is also MA 
In general S-T energy differences between n -z* states 
are considerably less than S-T energy differences for 
a-x* states. Thus if there is a r-r* singlet state very 
close to the n-z* singlet, the lowest, and hence cham 
cally active, triplet will be z-z*. In the unreactive 
carbonyl compounds mentioned, where the lowest 
triplet is m-7*, there is no free radical character on 
oxygen and the excitation is delocalized throughout the 
molecule. Thus for photoreduction to occur, consider- 
able activation energy would be required for the 
electronic reorganization in the excited state necessary 
to make the oxygen attractive for hydrogen atom 
transfer from the hydrogen donor. Él 
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Figure 4. Energy levels for a molecule such as acetylnaphthalene. 


Another example of the dependence of photochemical 
reactivity on the nature of the excited state is found in 
the photolysis of a-keto esters (54). Ethyl, methyl 
and isopropyl pyruvate photodecarbonylate relatively 
readily in benzene solution with quantum yields? of the 


3 The quantum yield, $, is the ratio of the numbe: 

1 y »$ er of molecule: 

reacting to the number of photons absorbed. It will ne 
less than unity, but may be considerably larger if the process 
under consideration is & photo-initiated chain reaction. i 
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order of 0.16. Ethyl naphthoylformate, IV, 


decomposes with a quantum yield of less than 0.01. 
The investigators present sound spectroscopic evidence 
that the pyruvate esters decompose from a n-z* triplet 
while the naphthoyl ester has a z-z* lowest triplet. 
This being the case the excitation is not located specifi- 
cally in the carbonyl groups but is delocalized through- 
out the z electron system of the entire molecule. Ap- 
parently for this reason the molecule is inert to photo- 
decarbonylation. 

An extremely interesting example of the dependence 
of the multiplicity of the excited state on chemical re- 
activity is found in the recent work of Griffin and O’Con- 
nell (22). Cis-dibenzoylethylene upon direct irradia- 
tion in alcoholic solvents (ordinarily good hydro- 
gen donors) is not photoreduced, but rather undergoes 
extensive rearrangement forming the appropriate ester 
of +-phenyl-4-phenoxy-3-butenoic acid. The proposed 
mechanism involves a 1,5-phenyl migration followed 
by nucleophilic addition of aleohol to the initially 
formed ketone. 


í b. 
Lu ON 
CH V j 4 if l 
d Ly hy C.H; À 
XK-« 9 [s C -— c 
^ D$ RE 
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H 
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Tn the presence of benzophenone the reacti 

t s action tak 
entirely different path with photoreduction 2 the 
double bond occurring to the exclusion of rearrangement. 
The chemical mechanism is probably the following: : 


9 o 


cnt CH=CH lon CH:CHOHCH, 
hy 


OH (0) 


T J 
c4 — cuc don, [+ CH:C(OH)CH;] 


T 


i 
OH Le) 
CH,CHOHCH, — n | 
E CH C- CH cn car, 
OH OH [9] 


o 
lami cu oida, = amdoncndon, 


(It is obvious that the alcohol plays a rather different 
role in the latter reaction, acting in this case as a radical 
hydrogen donor.) Benzophenone is an excellent triplet 
excitation donor (sensitizer). In the latter reaction 
benzophenone excites dibenzoylethylene to its triplet 
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state which subsequently undergoes reduction. Di- 
rect irradiation of dibenzoylethylene initially excites 
the molecule to an upper singlet state which, rather than 
undergoing intersystem crossing to the triplet, reacts 
as the singlet. The singlet reaction is the phenyl mi- 
gration, the triplet reaction is reduction. 


Photochemical Solvolysis 


To round out our discussion of photochemical re- 
activity and the nature of the excited state it seems ap- 
propriate to examine a few systems in which the charge 
distribution in the excited state assists a purely 
ionic reaction, solvolysis. In 1936 Havinga (56) 
found that in the photochemically induced hydrolyses 
of meta and para-nitrophenyl phosphate and sulfate 
esters that the meta compounds were considerably more 
reactive. 


NO: NO: 
A 0 d A : HPO, 
LE ou 
1^oH 
OH 


This is, of course, significantly different from what one 
would expect of the molecules in the ground state, 
where the electron-withdrawing nitro group selectively 
activates the ortho and para positions: 


o0 0 
E e ad 
NO; Bh 
[9 Q- 
HO- ee HO—P=0 
on OH 


Zimmerman and Somesekhara (57) have observed the 
same results with the nitrophenyl phosphate esters and 
with m-and p-nitrophenyl trityl ether, i.e., unexpected 
activation by meta-nitro in the light-induced, hetero- 
lytic (ion-forming) solvolysis. However, the electronic 
structure and distribution in the molecule is not the 
same in the ground and excited state. Simple molecular 
orbital calculations on the lowest z-z* (singlet or triplet) 
state show that the greatest withdrawal of electrons by 
the nitro group is from the meta position, the resonance 
formulation of which is as follows: 


NET Ka 7? 
NO; N 
eM nod * el e ne 
—PO;H; 0—P0,H, OPO;H; 
[v] o M À CU À 
See SR N NO: 


N ; : 
=< = = 
D. = O- A. 
0—PO;H; O—PO;H: o [ 


No such assisting structures for the para compound may 


be drawn. In the case of the nitrophenyl trityl ethers, 
there was no observable solvolysis of the meta isomer 
in the dark, where the para compound was solvolyzed 
easily. Photochemical solvolysis of the para isomer 
showed only a small increase (if any) in rate over the 
dark reaction, whereas the solvolysis rate of the meta iso- 
mer in the presence of ultraviolet light was ten times 


that of the para. 


Summary 


The aim of this paper has not been to review exten- 
sively the field of photochemistry, but rather to present 
in an elementary fashion examples of the interrelation 
between photochemistry and electronic spectroscopy. 
Many of the examples have been taken from the 
authors’ own experience. In attempting to make the 
material understandable to the nonspecialist, rigor has 
not been rigidly maintained, especially in the sections 
on elementary electronic spectroscopy. References 
(9-22), especially those by Kasha, can and should be 
read by those who wish to pursue the subject further. 
The general and extensive review of organic photochem- 
istry by Hammond and Turro (5) is also highly recom- 


mended. 

The authors are 
and M. G. Burford for 
tion of this manuscript. 


indebted to Drs. Nicholas J. Turro 
helpful criticism in the prepara- 
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Section 6 


ms, molecules and 
| theme of modern 
seems to scare 


n 

Energetics and structure of ato 
ions" may well be called a centra 
chemistry, (The word " energetics " m 
chemistry students less than the word thermody- 
namics".) Certainly the possibility of introducing 
ideas concerning free energy changes in chemical 
reactions into school courses is currently receiving 
much attention from those concerned with curriculum 
reform, The paper by R. S, Nyholm and H. F. Halliwell 
discusses the way in which energy con Es pires 
a unifying concept in science courses These authors 
have recently elaborated their views in lectures 
given to teachers of chemistry in grammar schools 


Energetics and 
kinetics 


and now published in the book Modern Chemistry 
ana the Sixth Form, edited by D. J. Millen, London, 
Collins, 1965. (British sixth form = age group 16-18.) 

R. T. Sanderson's paper contains may useful 
tables of entropies, enthalpies and free energies 
reference should also be made to the article on 
solubility on page 171. 

The principles of reaction kinetics are well brought 
out by J. A. Campbell, using the now well-known 
“blue bottle" experiment. An expanded version of 
this paper is now available in book form: J. A. 
Campbell, Why Do Chemical Reactions Occur?, 
Prentice-Hall Inc., 1964. 


Reprinted from School Science Teaching, pp. 32-41. 


Concepts Basic to a Study of Science 


ENERGY AS A UNIFYING CONCEPT IN THE 
TEACHING OF SCIENCE 


Leading paper presented by Professor R. S. Nyholm, F.R.S., University College, 
London and Mr. H. F. Halliwell, Organiser for Chemistry, The Nuffield Foundation 
Science Teaching Project 


SUMMARY 
Introduction. 


The Importance of Energy in Society and in National Development. 


Energy in the Science Course. 


ah U dom 


The Teaching of Energetics to School Pupils. 


1 INTRODUCTION 


As teachers of science we frequently complain that some of our colleagues 
who have been trained mainly or entirely in arts subjects fail to appreciate the 
need for the allocation of more time for the teaching of our subject. We also 
complain that these same colleagues, and indeed some educational administra- 
tors, do not recognise that science is part of modern culture and that it should 
occupy a central róle in the education of all children. However, we in turn, 
rye em ourselves two questions which seem to bear on this problem: 
re des Pese. in ies à manner as to convince pupils and our colleagues 
society?; sd Puoi: y the rounded education of ali members of a modern 
Slotted ie e "el niko e m best use of the time which we already have 
Mii xiv wi tahoe ent of self criticism one is tempted to believe that when 
woul Be ue ence affirmative answers to both of the above questions 

a ‘ong way towards obtaining the time—and money—to enable us to 


teach our subject in the manner that i i i 
Be t is essential fi tion of youn 
people for life in the second half of this century, Ro EE 


* It is dvd to deal here with only one aspect of this problem; we advance 
, je t sakae ds ier which will achieve the objectives below will go 
way towards making our Position clear and obtaining the support 

we need. These objectives are: à ü ä 
(i) Integrating the various branc 
which divisions are in any 
(Thus after separating 


hes of science, e.g., chemistry and physics, 
case frequently outmoded and artificial. 
\ : physics from chemistry and then dividing chemistry 
into inorganic, organic and physical branches we now solemnly talk about 
physical chemistry and chemical physics. Furthermore, the chemical 
physicists often have a chemistry degree and the physical chemists were 
frequently trained as physicists.) 
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(ii) Integrating the various branches of a particular subject. As mentioned 
above the subdivisions of chemistry further encourage a limited horizon 
in the viewpoint of the student on science as a whole. 


(iii) Emphasising the relationship between science and everyday life. 


We believe that Energy is the most important unifying principle which will 
achieve the above aims. 


It is desirable to set out our views concerning the rôle which we believe 
science has to play in modern education. Education is a training for a full life 
in a modern society, carried out in such a manner as to encourage to the 
maximum the development of the individual personality. Taking the last part 
of this definition first, it is obvious that science subjects if well taught will 
do much towards this development of the individual. We all recognise that 
science is an experimental subject and the performance of individual experiments 
by the pupils encourages expression in a way which can be both exciting and 
original. Careful observation by the individual is encouraged and scrupulous 
honesty at all times is emphasised. But when we return to the first part of the 
definition we need to recognise how truly ‘modern’ science is. According to 
Professor D. J. De Solla Price, in his excellent book ‘Science since Babylon’ 
between 80 and 90 per cent of all of the scientists who have ever lived are 
alive today. He points out that ‘We might miss Newton and Aristotle, but 
happily most of the contributors are still with us.’ It is a sobering exercise to 
commence a discussion of this topic by inviting participants to ask themselves 
how many things which they have used since rising that morning have been 
developed during the past 50-100 years: radio, electricity, artificial fabrics, 
transport, etc., spring to one’s mind at once. Students must be made to see 
that the modern world is one largely due to science and no man can claim to be 
properly educated unless he appreciates what science is and how it has been 
responsible for the changed world in which he lives, especially as compared with 
his 1850 counterpart. Far too often the benefits of science are accepted without 
any genuine recognition of how these changes have come about. In some 
countries there is still a real attitude of disdain for science and technology; 
this view is very ancient, indeed, it is 2,300 years since Plato said, ‘Philosophy . . . 
is the ambition and aspiration of that multitude of pretenders unfit by nature, 
whose souls are bowed down and mutilated by their vulgar occupations even 
as their bodies are marred by their arts and crafts.’ The ancient Greek ‘Demo- 
cratic State’ was a fine place for one to live only if one had chosen one’s parents 
correctly! The same attitude is to be found in ‘Gorgias’, ‘Why is it not the 
custom for a pilot to give himself grand airs... nor for the engineer either . . . 
who at time saves whole cities . . . ? You.. . despise him and his special art 
and would call him "engineer" in a taunting sense and would refuse either to 
bestow your daughter on his son or let your son marry his daughter'. It would 
be comforting if one could believe that this outlook is no longer held in countries 
of the West but it is still all too common in many so-called ‘educated’ circles. 


fact that this is not new; a famous Professor of medicine was once 
informed by a very serious medical student that he intended to specialise immediately he 
finished his degree. On being asked if he proposed to specialise on the Ear, Nose and Throat 
the student replied that he intended to concentrate on the Nose only. ‘Left or Right Nostril ? 


asked the Professor. 


1 One is reminded of the 
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2 THE IMPORTANCE OF ENERGY IN SOCIETY 
AND IN NATIONAL DEVELOPMENT 


Before discussing the way in which energy quantities can be used to 
understand scientific processes we give some idea of the way in which the 
use of energy has paralleled social and national development. In his little 
book ‘Man and Energy’ Professor Ubbelohde traces the way in which the various 
sources of power, first animate, and later inanimate have contributed towards 
the development of our civilisation. The use of human labour was gradually 
supplemented and eventually overshadowed by power provided by animals such 
as horses and oxen. The relatively limited use of inanimate water power 
and wind power changed dramatically during the eighteenth century; since that 
time man has drawn on fossil fuels such as coal and oil (as well as wood) to 
motivate his steam engines leading in due course to electrical power and more 
recently energy released by atomic fission and fusion. To illustrate the increase 
in energy used per head in the United Kingdom since 1800 this following 
table is of interest: 


Population | Tons of Coal 


| 
Year | (millions) | used per head 
1800 . . | 8-9 ! jal 
1830 . -j 13-9 2:1 
1850 . ; | 17-9 3-1 
1952 . " 49-0 5 
| ee 


Thus the energy available per head, ignoring oil fuel, has increased five times in 
150 years. In the U.S.A. the increase in undoubtedly greater. Of course not all 
of this coal is used to produce mechanical power but whether it is used for 


heating or power it is a measure of energy available. 

There is also a close co 
and the per capita consu 
valuable figures in his r 
He reduces energy consu 
For the year 1960 the fig 


rrelation between the standard of living in a country 
mption of energy. Dr. S. H. Schurr has given some 
Scent article on Energy in the Scientific American. 
mption from all sources to its Hard Coal Equivalent. 
ures for a selection of countries are: 


, Energy Energy 
; Consumption consumption 
Country per head per head 
(Tons) of Country (Tons) of 
| Hard Coal Hard Coal 
Equivalent Equivalent 
end E 8-0 Latin American Countries 0:5 
! d s | 5:6 Middle East Countries 0-27 
United Kingdom ' X 4:9 India 0-14 
Common Market Countries , 2:6 Japan . à à 1-2 
Australia and New Zealand : 3-0 Communist Asia 0-6 
US.SR. . ; 2-9 


de 


When teaching in schools it is highly desirable that we correlate the historical 
velopment, the current economic position, the current political problems of 


various countries with their energy problems and relate this with the rate of 


scientific development. 
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3 ENERGY IN THE SCIENCE COURSE 


Just as it has been shown that the development of a country as a whole 
is intimately bound up with questions concerning the sources, the amount, and 
the efficiency of use of energy, so we find that when discussing changes in the 
structure and properties of matter we are concerned primarily with energy changes. 
The term ‘changes in the structure and properties of matter’ might well be 
stressed to students as a means of bringing together chemistry, physics and 
biology. There is a great need to get away from many of the hackneyed terms 
of the past. As an example, ‘physical and chemical changes’ is an expression 
which can be positively harmful. Students are sometimes asked meaningless 
examination questions such as ‘Is the dissolution of common salt in water a 
chemical or a physical change?” Although the examiner presumably seeks the 
reply ‘physical’, the student is being grossly misled since the process involves 
hydration phenomena involving the evolution of 200 kilocalories per gram 
mole of salt, this being used to overcome the large lattice energy of the ionic 
Na+Cl- crystal. This conversion of an Na* ion to the [Na(H,O),]* entity is 
every bit as chemical as is the formation of ‘blue copper sulphate’ (Cu SO, 5 H,O) 
by adding water to the anhydrous salt (Cu SO,).) 


Unfortunately one of the main problems we face is the fact that teachers 
all too often lack a sound appreciation of thermodynamics, the subject concerned: 
with the relationship between heat and work. This arises largely from the fact 
that the subject was in the past frequently taught badly in Universities. There is a 
need for a simple little book intended specially for teachers summarising the 
background knowledge of thermodynamics which they should possess. This 
knowledge is of course much greater than they will need to teach to pupils. 


We suggest that the minimum should be as follows: 


1 First Law of Thermodynamics (Essentially that energy can neither be 
created nor destroyed). Implicit is the need for an understanding of specific 
heats at constant pressure and volume and the related gas laws. 

2 Second Law of T! hermodynamics (Essentially that heat will not ‘run up hill’ 
spontaneously; work must be done on the system to achieve this). It is very 
to appreciate the difference between Free Energy Changes (AG), 


orea. ea (AH) and Entropy Changes (AS). 
The meaning and use of the simple expressions 
` —AG = RT In Kp 
AG = AH- TAS 
dink _ AH 
dT RT? 


are important. An appreciation of Entropy in terms of probability is essential. 
It is surprising how many teachers do not appreciate the importance of free 
energy in equilibrium studies. Also many teachers do not fully appreciate why 
endothermic reactions can occur spontaneously. 
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3 The Third Law of Thermodynamics The determination of entropies from 
specific heat data should be understood. The way in which phase changes, 
specific heats, and disorder affect entropies needs to be appreciated. 


Two questions should, in a simplified form, be constantly in the mind of the 
teacher and be made evident to the child. When discussing any so-called physical 
or chemical change the questions should always be raised: ‘Can this change 


It is suggested that right from the beginning pupils need to be correlating: 
(a) What they see happening in test tubes, beakers and flasks. 
(b) The energy changes which accompany these material changes. 


(c) The molecular or ionic structures of the materials involved in (a) and (b) 
and how these enable us to understand (a) and (b). 


ım amount of useful work only by 


ystem 
d be made to approach gradually 
phasise the special importance of 
f a reaction. Obviously one needs 
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metals is simply a list of metals arranged i i i 
reaction with the hydrogen ion. The UR Ne ales d. a 
potential of zinc is 0-762 volts’ is simply another way of sa 5 + 
ne Zn+2 H*(ag) -> Zn%*(ag)+ H, can not only proceed tenta bu 
ut if carried out under equilibrium conditions it will make available 35 pee 
for useful external work. If however, the zinc dissolves irrev “bl pee 
36-4 kcals. of heat are evolved. These two numbers are NOT identi 1 = pan 
a challenge to us to perform experiments which illustrate this de. 


to explain why as soon as possible. 


When the age range of the pupils is considered it i 

. a it is clearly see 
must be a gradual introduction of energetic concepts. It is udi E there 
be introduced in four stages: at these 


Stage | Develop an awareness of temperatu m 

; re changes. E asi 

a material change occurs that temperature changes, ie , heat s M s 
" T. 


A simple quantitative extension in te p 
hanges in which no new Bore hesh eA and leteni 
terms of the Kinetic Theory; the relation between avera pn of 
energy of gas molecules and the absolute temperature. Then = inetic 
consideration of material changes; a simple picture in terms of rl i d 
and breaking, €.8:, for the reaction H,+ Cl, > 2 H CI and in ter m ing 
energies for ionic crystals. ms of lattice 
Stage 3 Pupils should become generally famili y 

explain the fact that reactions tend to Um in the direction p rer ge 
is evolved, (5) a precipitate is formed, (c) a poorly ionised substance is ae gas 
This will lead to discussions on equilibrium in those cases where y epi 


Stage 2 
heats for c 
energetics in 


competing effects, e.g. 
Ca CO, + 2H CI > Ca Cl; + H,O + CO,‘ 
or 
CdS + 2H CI > Cd Cl: + H^ 


At this stage the difference between AH and AG should be made clear. 


e difficult) The significance of the transfer of the thermal en 
lanation of entropy changes in the system and in the Ma Mg 
Reactions in which AH is greater than AG, roughly e oH 
to it, and less than AG should be discussed. The concept of eniro E med 
of ‘mixed-up-ness’ and disorder and as a function of the number P E 
involved now arises. This stage will need careful discussion but I ui RA 
is extremely important that more advanced pupils obtain some idea of the vb e 


and importance of entropy. 


Stage 4 (mor 
A simple exp 
is now desirable. 


4 THE TEACHING OF ENERGETICS TO SCHOOL PUPILS 


The claim has been made that the idea of energy i i 

n | gy is one of the to 
can and should be an integrating theme for a pupil. It should be um 
not only for a single science subject (and any of the sciences very often Aie. 
to be a disintegrated province of study), not only for the group of science 


subjects commonly met at school (biology, chemistry and physics), but 
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integrating for an understanding of these and for those adult activities of 
engineering, agriculture and national productivity towards which the pupils 
generation is moving. 


If we want to encourage lively and critical understanding, then integrating, 
basic, principles are essential. Energetics being one of these, how can we teach 
it so that we achieve our aim? We shall want to look at this teaching problem 
of ours very much from the point of view of an individual who is learning 
as he goes from lesson to lesson: physics, geography, biology, metal or 
woodwork, games and physical exercises, chemistry, rural science. We must 
also bear in mind his growth from immaturity to maturity. Although under- 
standing sometimes comes in a flash, it also, and perhaps more frequently, 
grows slowly from vague beginnings through use and criticism. 


We consider the general integrating effect first. To begin with, ‘energy’ is a 
vague word linked with warming objects or with moving them. There comes 
a time for deliberate and explicit consideration of this but only after personal 
experience of the world. A first, and qualitative step in this direction might be 
taken at the age of 10 or 11. Previous to that, experience is gradually leading 
to an awareness that ‘I’ can warm things or move things, but ‘I’ get tired, 
and that the same source that can move things (for example, the sun, a fire 
or an electricity supply), can also warm things. These kinds of facts the pupil 
meets in his everyday life and in a great number of school activities, apparently 
unconnected with ‘science lessons’. It is to the latter that we can at first 


incidentally and later Specifically draw his attention. This is the beginning of an 
effort to make him energy-conscious. 


The next stage, perhaps at the age 
two questions (a) how can this ‘ener: 


ouds and evaporating water. Whether this 
a “geography lesson’ 


e of the simple tools 


a thermometer), and certainly lends 


As a result of such work, a pupil could now be more sharply aware of: 
(i) the measures of energy for warming—the calorie or the kilo. 
(ii) the heater or the sun as a Source of energy, 

(iii) the idea of energy being necessary to chan 


(iv) the idea that moving river water has Stored energy from the sun and that 
this can be harnessed. 


-calorie, 


ge water into vapour, 


During these years, too, a pupil will be investigating two other maj i 
? + ma t A 
the need for, and production of. f in his bi JOT OPIS 
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out if we ourselves are energy conscious i i 

turn the soil over—whether CR energy.is Leer uie bru Aie 
and the air or whether it is supplied by a tractor from fuel urs eun capo 
growing of food-stuffs is seen to be a way in which we make oo 
energy. Burning wood (present day vegetable matter) or coal sons pooh 
matter of ancient times) is a process that enables us to warm oro OE tm 
using the energy originally obtained from the sun. We can bis d pues tings 
side out by introducing the pupil to energy levels. At this sta "4 ers peti od 
formalised mathematical concepts of physics and cere bi psc 
putting the bottles of material on the bench and liftin i* cd 
laboratory stool on the bench or bringing them down un the be "d gods 
and photosynthesis can have their energetic side very vividly and ves 15 = 
out in this way. Representation of this on paper leads easil NAM 
amenable energy levels we adults are used to. ily to tho more 


By the time the pupils are 13, their stud: i 
: , y of chemist i 
awareness of the different substances the world is made of iar- -— ve adem 
ns and the atoms they are formed from. So too s simple 
e 


molecules and io 
been done that lead to a link between moving and heating 


experiments have 
summarised by: 
1 Kcal. of energy to raise 3,000 1b. by 1 foot. 


A more detailed and formal treatment of work as force x dista 

yet be appropriate. However, it is possible for the idea of ener: oe éd icis 
more precise by now and for a pupil to realise that when edes hans 
they give out or take in energy, that this energy can be used for v Tl 
that the extent to which this is done can be measured. Because of their hend A" 
these quantities of energy can be expressed as kcal/mole of material Eie d 


In fact, the integration we hoped for has begun. 
In Biology, we can fo 


CHOC) + 60 


llow up the fact that 
(g) = 6CO,(g) + 6H,O(g AH = —600 Kcal. 
or that 


6CO,(g) + 6H,O(g) = CgHy20,(c) + 602(8) AH = +600 Keal. 
How does our body act as a machine? i 
? What 
h work can we get from the food we eat m n 


he food used for, and does this process require 


Further questions arise. 
energy used for? How muc 
air we breathe? What else is t 
or supply energy? 

e shall perhaps be more concerned with the ; 
ways we Ca 
o do what we want. y n invent 


out more about the materials whose changes are the 


In physics W 
to harness the energy t 


In chemistry, WE find 

source of energy. 
By the time the pupil is 14 or 15, the idea , 
recise. Two facts that should become more por archiep P more 
(i) that the energy that can be obtained as thermal energy is seldom ur. E 
as that which can be obtained as the energy which will do work for-us (i same 
as we arrange to get more and more work we bring things to a standstill a = 
> 
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the art of power-engineering is to cope with this problem in a profitable way. 
It is instructive for example to consider the implication of the following 
pair of diagrams: 


“WASTE HEAT WORK “WASTE HEAT WORK 


enables us to get 
‘work’ instead of ‘heat’ from a chemical change can be undertaken with profit 


ear old pupil. Chemistry (as the study of material 


as work). 


It is hoped that enough has been said to show how the idea 
grow and how it forms a basic and integrating part of all o 
as having valuable repercussions in other types of lessons, 


of energy can 
ur sciences as well 


If we turn for a moment to integration within a subject and confine our 
attention to chemistry, we can see for still older pupils the ideas of energetics 
can be not only of overall importance but a powerful disciplinary tool for 
speculation. Quite a number of Statements made in less critical textbooks are 


in fact not acceptable in the light of experimental evidence. Two quotations 
must suffice: 


(a) ‘Sodium forms monovalent c 
aluminium on the other han 
three electrons easily’. 


ompounds because 


S it loses an electron easily, 
d forms trivalent co 


mpounds because it loses 


(b) ‘The electrochemical series is seen to 


be controlled by the ease with which 
the metals lose electrons’. 


In fact (ionisation energies and hydration energies are 


à : à known) the energy 
required to convert an isolated zinc 


atom into a zinc ion in water is very nearly 
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the same as that required to convert an isolated copper atom into a copper 
ion in water. The reactivity of zinc compared with copper is more reasonably 
associated with the difference in the metallic bonding in the two metals. This is 
not necessarily true for other metals: a study of the energies involved should be 
undertaken before we broadcast rash statements. 


In chemistry, we shall want to build up towards a realisation of the importance 
cf the energy available to do work (AG) and the relationship between it and the 
equilibrium conditions and the overall energy change in the system (AH) viz, 


—RTInK = AG = AH + (the limiting thermal energy that the environment 
demands). 


The latter term which accounts for the difference between the ‘heat’ and the 
‘work’ of a reaction, can be understood in terms of the number of ways systems 
can hold their energy. Two factors, therefore, influence the likelihood of a 
change taking place, but consideration of this and the way it can be taught 


must wait for later discussion groups. 
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New Trends in Chemistry Teaching, 


Reprinted from Journal of Chemical Education, Vol. 41, No. 1, 1964, pp. 13-22, 


R. T. Sanderson 
University of lowa 
lowa City 


 — the fundamental questions of 
chemistry, none seems more important than this: 
Why do chemical reactions occur? The purpose of 
this paper is to examine the nature of chemical change, 
in the hope of recognizing and setting forth the basic 
principles that can help us to understand why. For the 
very essence of practical chemistry 1s the scientific 
control of chemical change. If we know why it oceurs, 
then we can know what conditions are necessary to 
cause or prevent its occurrence, and we can direct our 
ingenuity toward establishing such conditions. Further- 
more, such understanding should be invaluable to 
students, who without it are faced with an almost in- 


finite variety of chemical equations to be memorized 


but with no basis for recognizing that they do make 


sense. 


Nature of the Problem 
r why reactions occur, it Is 


Before we can conside t r 
happens in à chemical re- 


necessary to think of what 
action. Briefly, reactants change to producti i 
order for this to happen, atoms which are initially “a 
tached to one another in a certain way s pcr" ; 
become separated, at least to some ex 5 
arranged ia the products. e x D piscem 
can only exist if the forces of inter a 
etn 8 atoms are predominantly ees ep ate | 
must be expended to produce the chemica cha ge 
But this is not all that is required. The atoms in 2 
reactants must be so arranged that some denen " 
mechanical pathway exists to permit the ui irem 
products, or else the reaction cannot occur. rs 
more, even if energy and a mechanical pat mar m 
available, there may be little tendency for tl "n 
to proceed. Two aspects of this need conside E E 
and both may be approached. from the Le de 
separated atoms. If we imagine all the am n 
might be involved in a given reaction to pris E Ful 
arated as a atomic gas, then we can consi A A 
they are more likely to form the ES = 
“reactants” or those labeled “produets, T: epe 
more stable. From the atomized state bs pend 
bined states, the change is from highly ran ed se 
more orderly arrangement of atoms, Eun ier d 
reasonably expect the change which yel qe 
parture from the original randomness to t e gs 
probable. But we may also reasonably o£ : Ma 
formation of the strongest bonds, and ^ ene 
most stable aggregates, will also tend B e s 
Our problem, then, is to qonsider these st 
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Principles of Chemical Reaction 


pects of chemical reaction and to try to recognize those 
fundamental principles that may lead to a compre- 
hensive, unified interpretation of chemical change. 


Kinetics and Reaction Mechanism 


Unquestionably we would find it most helpful toward 
understanding what reactions are possible if we could 
observe directly the activities of the individual atoms 
and molecules to see what they can and cannot do. 
Forever lacking the ability to make such observations, 
we can still infer what they must be from experimental 
measurements of reaction rates of the subtances in 
bulk. The study of kinetics then can lead to valuable 
information concerning the mechanisms by which re- 
actions probably occur and the activation energies re- 
quired. But such information is chiefly descriptive; 
and although, for example, a knowledge of the activa- 
tion energy needed can help explain why a given re- 
action may proceed rapidly or only very slowly under 
specified conditions, the basic question as to why the 
arrangement of atoms in the products should be 
favored over that in the reactants remains unanswered. 


The Nature of Spontaneous Reaction 


Our chief concern here is therefore with the nature of 
the initial and final states and not with the rates or 
mechanisms of the various transition processes. For 
ultimately it is only the qualities of these states that 
determine which is more likely to result from a spon- 
taneous reaction of the other. 

The meaning of "spontaneous" needs to be clearly 
understood. It is commonly used to describe reactions 
which begin at once as soon as contact between re- 
actants is made. For example, a substance is "spon- 
taneously inflammable" if it bursts into flame when 
exposed to oxygen, without the help of any external 
agent. But although such examples are spectacularly 
obvious examples of spontaneity, they constitute only 
a small proportion of what are more generally called 
"spontaneous" reactions. The real meaning of “spon- 
taneous” is “having the potential to proceed without 
the assistance of external agency.” It implies nothing 
about mechanism or rate; and when a reaction is called 
spontancous this is no indication as to how or whether 
it will proceed under the given conditions. Never- 
theless, the direction of spontaneity remains the most 
important property of a chemical reaction. 

As mentioned earlier, two factors determine the 
relative tendency of separated atoms to come together 
inagiven way. One is the strength of the bonds formed. 
The other is the probability or degree of randomness in 
the final state. A reaction tends to occur spontaneously 
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in the direction of stronger bonds and less organized 
array. These two influences on the spontaneity of 
chemical change are jointly taken into account by the 
thermodynamic function called the “Gibbs energy,” 
designated as G.* This function, the “net energy 
or “useful energy" at constant pressure, is defined as 
the difference between the total energy content or 
enthalpy, H, and the energy that is unavailable for 
useful work, which is a product of the probability, or 
randomness, or degree of disorder, called entropy, 
S, and the absolute temperature, T.: 


G-H-TS 


The entropy is evaluated as the energy change per 
degree, "entropy units" being calories per degree per 
mole. Multiplieation by the absolute temperature 
gives the energy associated with the probability at 
that temperature, or the energy unavailable for useful 
work. For a chemical reaction, changes in free energy, 
heat content, and entropy are the quantities of interest: 


AG — AH — TAS 


The first and foremost fundamental principle of 
chemical reaction is therefore the following: 


(1) Chemical reactions tend to proceed spon- 
taneously in the direction of diminished free energy 
content, which means when the free energy change, 


AG, for the reaction is negative, free energy is re- 
leased. 


According to the above expression, chemical reaction 
tends to proceed spontaneously at constant pressure 
only under one of the following sets of conditions: 


1f the total bonding forces in the products exceed those in the 
reactants and the total disorder (entropy) of the products is 
higher; 


If the total bonding forces in the products exceed those in the 
reactants and the total disorder in the products is lower but not 
enough lower to make T'AS greater than AH. ; or 

If the total bonding forces in the products are weaker than 
those in the reactants but the entropy increase (increase in 


disorder) is more than large enough to compensate for the heat 
absorbed. 


Where these two influences of bond strength and 


entropy are in conflict, the final outcome will depend 
on their relative contributions in the reaction. The 
factors determining the magnitude of these relative 
contributions may now be considered in some detail. 


Principles of Entropy 


(2) The 
liquid state. 
solid state. 


gaseous state is more probable than the 
; Which in turn is more probable than the 


In other words, the atoms or molecules of a gas are 
more independent of one another than in a liquid or 
Solid, and therefore can become more randomly dis- 
tributed, which corresponds to higher entropy. Melt- 
ing involves an inerease in entropy, and vaporization 
a still further increase in entropy. Since in the liquid 
state the motion of the molecules is still highly re- 
stricted, the entropy of melting is relatively small. 


* This is the quantity usually referred to by Lewis and Randall- 
trained chemists as “Free energy” or “Gibbs free energy” 


designated by F. The terminology here used follows the TUPAC 
recommendations. 
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The difference in orderliness between liquid and gas 
is very much greater, corresponding to an entropy 
of vaporization which is relatively large. For ‘“nor- 
mal” liquids, those in which the chief intermolecular 
attractions are van der Waals forces, the entropy of 
vaporization is nearly independent of the composition, 
about 22 entropy units. This entropy is larger if 
stronger polar interactions or protonic bridging occurs 
in the liquid, because a greater effort toward disorder 
is then required for the vaporization process. For 
many of the chemical elements, the entropy of melting 
is also nearly constant, having the value of 2.3 entropy 
units. Some values of the entropy at 25? of various 
substances in gaseous, liquid, and solid states are 
given in Table 1. 


Table 1. Entropy of Various Substances at 25° (eu) (2) 
Substance Solid Liquid Gas 
.30 13.83 36.71 
P .82 10.28 38.98 
Si 11.21 40.12 
Pb 15.5 17.14 41.89 
HO 16.72 45.11 
CH;OH : 30.3 56.8 
B:03 12.91 18.55 64.42 
SiO; 10.00 11.35 54.62 
Li,0 8.98 9.86 56.03 
BeO 3.38 10.50 47.21 
TiO; 12.01 15.43 56 44 
PbO 15.59 20.55 57.35 
BCl; 45.3 $ 85.3 
SiCL A 57.2 79.2 
PbCl. 32.50 38.34 76.63 
NaCl 17.33 20.22 54 88 
HgBr; 10.71 46.80 76.51 


According to this principle, the presence of a gas 
among the products but not the reactants suggests that 
the entropy of the products probably is greater than 
that of the reactants. This tendency exists because 
the entropy differences among different solids and or 
liquids tend to be lower than the differences between 
the gaseous state and the solid or liquid state. Entropy 
changes thus tend to favor decomposition or interaction 
of solids or liquids to form gaseous products. 


(3) A monatomic gas is more probable than a poly- 


atomic molecular gas, and hence tends to have higher 
entropy. 


Greater disorder is the condition of the monatomic 
gas. Formation of polyatomic molecules, with their 
fixed and definite structure, increases the order and 
therefore decreases the entropy. Some examples are 
given in Table 2. In a gaseous reaction, then, the 
entropy change favors dissociation of larger into 
smaller molecules, or any metathesis (double de- 
composition) that increases the total number of moles 


of gas. 
Table 2. Entropy of Monatomic and Polyatomic Gases 
(eu/g atom) (2) 

H 27.4 H: 15.6 
N 36.6 Na 22.9 
o 38.5 O: 24.5 O: 19.0 
F 37.9 F, 24.4 
Si 40.1 Si, 17.5 
P 39.0 a 26.1 P. 16.7 
8 401 & 278 Ss 12.9 
Cl 39.5 Ch 26.6 
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(4) An amorphous solid is more probable than a 
crystalline solid, and a simple crystalline solid more 
probable than a more complex crystalline solid. 

The formation of simpler substances from more 
complex ones is therefore favored. by the entropy 
change. 

(5) A molecular addition compound, or a coordina- 
tion complex, is less probable than its separate com- 
ponents. 

The formation of such compounds is therefore 
accompanied by a decrease in entropy, which con- 
sequently increases the requirement of bond strength 
needed to hold together a stable aggregate. 

(6) Compounds of elements of higher atomic weight, 
or molecules of the free elements themselves, tend to 


have higher entropy. 
A number of examples are given in Table 3. The 
explanation presumably lies in es hrs on 
intra-crystalline or intra-molecular vibrations. 
m hy the lower the vibration fre- 


The greater the mass, 
es and thus the more probable the state, and the 


i y i to predominate 
higher the entropy. This effect seems 
Een minor effects originating in differences among 


erystalline forms as shown in Table 4. 


Table 3. Effect of Mass on Entropy of Gases at 25°C 
lev) 
x = E cl Br I 
.65 aid 4 
M nm NES ms 
MES 09:35 7663 82.8 85.91 
a 60.71 69.32 dura 


7 98.78 
ZX 76.95 87.37 Bs mn 


Table 4. Effect of Mass on Entropy of Crystalline Solids 
Í ( 


mining the direction of spontaneous reaction, but this 
was before the concept of entropy had been clearly 
recognized. Entropy units are calories per degree 
per mole, and the entropy changes accompanying 
reaction are often only a few entropy units, whereas 
heats of reaction are commonly more than a kilocalorie 
per mole. Thus even though the entropy is multiplied 
by about 300°K (at ordinary temperatures), the prod- 
uct does not even equal one kilocalorie unless the 
entropy is more than 3. If the AH value for a reaction 
is relatively large, say —10 kcal per mole or greater, 
one can reasonably be confident in predicting spon- 
taneous reaction in that direction. 


Table 5. Comparison of Enthalpies and Free Energies of 
* Formation (kcal mole~) (2) 


AH,° AG;* 
H:O (1) —57.80 —54.64 
HCl (g) —22:06 —22:77 
SO: (g) — 70.96 —71.79 
H:S (g) —4.82 —7.89 
H;Te (g) 36.9 33.1 
KNO; (c) —117.76 —93.96 
NaCO; (c) —270.3 —250.4 
AL(SOQ: (c) —820.98 — 738.99 
NH; (g) -11.04 —3.98 
NM (g) 2.31 23.49 
HNO; (1) —41.40 —19.1 
PH; (g) 2.21 4 36 


Table 6. Comparison of Standard Enthalpies and Free 
Energies for Some Chemical Reactions 


AH? AG? 

(kcal) — (kcal) 
CCl(g) + 2H:0(g) — COx(g) + 4HCl(g)  —41.2 -—61.2 
SF«(g) + 3H:0(9) — SOx(g) + GHF(g) —45.0 75.9 
CaO(c) + CO:(g) — CaCOx(c) —42.5 -811 
CHi(g) + 20:(g) — CO«(g) + 2H:0(9) —191.8 —191.4 


AsCl,(l) + 3NaF(c) — 3NaCl(c) + AsFs(g) —24.7  —31.7 
AlBri(c) + PCl(g) — AlCh(c) + PBri(g) —3.1 —4.3 


CH;OH() + NHs(g) + CH:NH:(g) + He 
Olg) 3.5 —4.3 


ev) (2) 
2 CaF; 16.46 
Hm 1510 Bo Ns CaCh 27.2 
RE 15:91 CaBr. 31 
see LiCO, 21.60 Cal: 34 
Na,O 17.4 NaCO; 32.5 MOS dE 
Nes m^ ZnSO, 29.8 Caicos 22 
2.8 ‘ 
Mac $4 DUNS BaCO, 20.8 
de MgH: 75 se 
MgO 6.4 MgF: 13.7 MgSO. 21.9 
MES 11.0 MgCl: 21.5 CaSO, 25. 
e SrSO4 29.1 
BaSO, 31.6 


Ce 


mperatures, entropy effects are 
h to have relatively little effect 
nless the difference in 
ctants and products is 


(7) At ordinary te 
commonly small enough t 
on the direction of reaction uU 
total bonding energy between rea 
relatively small. is : 

s o well illustrated in Table 5 by comparison o 
AH ou for the formation of a number of 
chemical compounds in their standard states, and for a 
number of chemical reactions m Table 6. It was 
this fact that led Berthelot and Thomsen to believe 
that the heat of a reaction was the sole factor deter- 


(8) All chemical reactions that increase the entropy 
occur spontaneously at high enough temperatures. 


Although the heat of reaction changes only relatively 
slowly with temperature, the entropy effect is the 
product of the entropy and the temperature. No 
matter what the heat of reaction, therefore, if the 
entropy change is positive and multiplied by a large 
enough temperature, the product TAS will be sub- 
tracted from the heat of reaction to give a negative 


. free energy change. This is a very important prin- 


ciple, accounting for the existence at high tempera- 
tures of species unknown at lower temperatures be- 
cause of their tendency to form more complex ag- 
gregates stable at the lower temperatures. As already 
observed, decompositions of compounds increase the 
entropy, and thus tend to proceed spontaneously at 
high enough temperatures. 

The special significance of this principle is that 
although enthalpy changes tend to dictate the course 
of reaction at ordinary temperatures, the relative 
importance of entropy increases at higher temperatures 
until it becomes the dominant factor. 
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Principles of Bond Strength 


At the outset, a distinction should be made between 
“stability” and “reactivity.” Unfortunately, it is 
common practice to confuse the two. Too frequently 
a substance which is relatively reactive is called 
“unstable” although actually its bonds may be very 
strong. In view of this ambiguity, it would seem 
much more preferable to use the word “stable” only 
to describe the condition of being held together by 
strong bonds and to imply the requirement of high 
temperature to disrupt the substance without regard 
to its possible chemical reactivity. An “unstable” 
substance may then be unreactive or highly reactive, 
but it must be one held together by. weak bonds that 
are thermally disrupted at relatively low temperatures. 

In an earlier paper (3), principles of chemical bond- 
ing were set forth to summarize the requirements of 
bond formation. Here it is desirable to examine the 
factors that may influence bond strength. This is 
unfortunately a very complex subject, to be dealt 
with at present only in a qualitative or at best a semi- 
quantitative way. But still it is possible to state 
some useful generalizations. In fact, for at least 
some kinds of compounds, notably the binary halides, 
it has been found possible recently (4) to calculate 
quantitatively the total bonding energy, from applica- 
tion of the following principle: 


(9) In the binary halides, and possibly other classes 
of compounds as well, the total bonding energy (per 
equivalent) varies directly with the partial charge on 


halogen and the bond order and inversely with the 
bond length. 


This principle holds regardless of the nature of the 
bonding, as shown, for example, by the fact that all 
the binary chlorides of the major group elements fall 
on the same straight line connecting Cl; with NaCl, 
formed by plotting partial charge on chlorine against 
the function RH/n (where n is the bond order, H the 
heat of atomization per equivalent, and R the bond 
length). Some representative examples of the agree- 
ment between calculated and observed bond energies 
are given in Table 7. Much remains to be done in 
the development of a bonding theory to account for 
these remarkable relationships; but by bringing to- 
gether “ionic” and “covalent” bonding within a 
unified system, it promises eventually to permit the 
more complete understanding needed for predicting 
more precisely the direction of Spontaneous change. 


Table 7. Total Bonding Energy and Polarity of Some 
Representative Examples 


—éx H(caley 


H(exp}s 

LiF 0.74 206 
Lil 0.53 127 E 
NaF 0.75 181 181 
Nal 0.54 120 120 
BeCl, 0.23 129 128 

gl. 0.19 88 86 
BaCl: 0.49 154 152 
Alls 0.12 72 76 

1 0.09 99 103 


^ Heat of atomization per equivalent. 


Reverting now to the more 
bonding, we may observe cer 
be helpful meanwhile. 


conventional views of 
tain principles that can 
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Normal Covalence 


(10) Covalent bonds between small atoms tend to 


be stronger than covalent bonds between larger 
atoms. 


Some examples illustrating this principle are listed 
in Table 8. The importance of coulombic forces in 
covalence suggests that since such forces vary in- 
versely with the square of the distance of separation 
of the charges, greater strength of bonding between 
smaller atoms is probably the result of closer interac- 
tions of opposite charges. Larger atoms not only 
form longer bonds, but also have a larger number of 
nonbonding electrons that may tend to weaken the 
bonding through inter-cloud repulsions. "This effect 
appears to outweigh the effect of attraction resulting 
from the increased nuclear charge. 


Table 8. Relation of Bond Strength to Radius (or Bond 


Length) 
r(À) E (kcal) 
H: 0.37 104 
C—c 0.77 83 
Ch 0.99 58 
S 1.02 54 
Br 1.14 45.5 
L 1.33 35.6 


(11) Covalent bonds 
weaker, the greater the d 
number of the valence shell of the two elements. 


Evidently, as exemplified by the illustrations of 
Table 9, the overlapping, or coalescence, of orbitals 
becomes less effective when the atoms are very un- 
equal in size. This is particularly well illustrated by 
the binary hydrogen compounds having covalent 
bonds of relatively low polarity (5). 


between atoms tend to be 
ifference in principal quantum 


Table 9. Relation of Bond Strength to Difference in Valence 


Level 
Difference Decomposi- Av. bond 
Compound inn tion (°C) energy (kcal) 
CH, 1 800 99.4 
PH; 2 300 78.0 
GeH, 3 285 gs 
TeH: 4 25 56.9 
SbH; 4 25 sibs 


(12) Covalent bond strength tends to be greater, 
the greater the bond polarity. 


One explanation of this tendency has been provided 
by Pauling (6), who considered the extra energy re- 
sulting from bond polarity to be derived from sup- 
plementing the covalent bond energy with the ionic 
attraction between unlike charges. He used this 
extra energy in establishing his well-known scale of 
electronegativity. In general, a closer interaction 
between bonding electrons and nuclei appears possible 
in polar bonds because they are shorter. This shorten- 
ing can be explained (7) by considering that uneven 
sharing of the electrons produces a radial contraction 
of the partially positive atom that is greater than the 
radial expansion caused by- the acquisition of partial 


negative charge by the other atom. A rough quantita- 
tive indication of the effect of different polarity in 
bonds between the same two atoms is provided by 
the heats of atomization (per equivalent) of binary 
compounds exhibiting different oxidation states. Some 
examples are given in Table 10. Invariably, the heat 
of atomization is lower the higher the positive oxida- 
tion state of the central atom. This is because the 
more competitors there are for the electrons ofa given 
atom, the less successful each will be in acquiring 
negative charge. and correspondingly the less polar 


its hond. 


Table 10. Heats of Atomization of Some Binary Com- 


pounds (kcal /equiv) (2) 


141.9 
121.1 
101.6 
12 


55.0 


Bonds between hydrogen and highly electronegative 
elements such as fluorine, oxygen. and chlorine a 
especially strong, the relatively positive Mn e 
having no underlying electron shells to restric a 
closeness of interaction with the other atom. de 
significance of this extra strength in influencing the 
tion will be ment ioned later. 


(13) Covalent bonds between atoms each bearing 


partial positive charge tend to be less stable. 
Instead of being shorter than me enl nit e 
predieted from the fact that positive M ^ mee 
spond to contracted electronic spl here : 
; tend to be as long or longer than expected from 
covalent radii. This corresponds gen- 
1 weakening, that may be the result of 
of outer electrons for sharing. 


course of re 


their nonpolar 
erally to a bond v 
reduced availability 


Some Unstable Molecules Having Bonds 


11. 
bi between Positively Charged Atoms 
a Change on lement 

Si 

0.18 Si 

0.11 X 

0.26 k 

036 R 

0.10 


m seules whose instability may 
ue put. É been to such causes are listed, 
AT we on adjacent atoms, Ht Table 
with ee as Nee 1 ye the fluorocarbons, whose 
M er la ann ened by the relatively 
Gee bonds appear het on the carbons. Perhaps 
high partial post be © but is compensated for by 
ue pope en between positive carbon and 
coule a (luorines attached to its immediate 
the negative 


neighbors.) 


(14) Covalent 
result of resonance 


i ial multiplicity as à 
s having partia i 
Lo more stable than single bonds 


or than the equivalent of partial multiplicity in separate 
single and integral multiple bonds. 


The validity of this principle appears to be established 
by the existence of resonance—by the equalization of 
bonds toward partial multiplicity, wherever possible, 
instead of by separate single and double bonds. 
The explanation may perhaps be found in the ap- 
parent increase in interelectronic repulsions that 
occur when an atom acquires electrons. This in- 
crease seems to mean that the shared electrons con- 
tribute most to the stability as they are first acquired 
partially. Greater stability therefore results when 
two atoms (or sometimes more) each hold the bonding 
electrons partially than when each simply holds its 
own completely. This is why covalent bonds form, 
and why their rupture always costs energy. Similarly, 
then, if a double bond might be in one of two places 
in a molecule but cannot be in both places at once 
it tends to become distributed partially in both loca- 
tions, rather than totally in one to the exclusion of the 
other. This kind of situation is called resonance; 
it occur rever it is possible because it produces 
greater bility. In fact, wherever formation of 
single covalent bonds would leave at least one other- 
wise vacant orbital on one atom and one or more pairs 
of otherwise unshared outer electrons on adjacent 
atoms, we may expeet further interaetion in which at 
least partial use of these orbitals and electron pairs 
is made to strengthen the bonding through multiplicity. 

Some of the most significant examples of bonds where 
partial multiplicity is to be expected occur in com- 
pounds of fluorine and oxygen with elements whose 
atoms have outer vacant orbitals available. Fluorine, 
being highest of all elements in electronegativity and 
having but one valence orbital vacancy, is generally 
considered capable of forming only a s$ aigle covalent 
bond. Several facts suggest, however, that such a 
bond can be partly multiple under appropriate con- 
ditions. The fluoride ion is known to act as donor 
in many complexes; partially negative fluorine may 
act likewise, although probably to a lesser degree. 
The weakness of the bond in F; has been explained as 
resulting from interference of nonbonding outer 
electron pairs on the two atoms, suggesting that such 
pairs are in a position to interact at ractively with 
another atom if it has vacant orbitals available. 
Furthermore, bonds of other elements to fluorine are 
frequently disproportionately strong and unexpectedly 
short, both of which suggest partial multiplicity. 
The bond lengths in fluorides of other highly clec- 
tronegative elements are as would be predicted from 
adding the covalent radii; but to less eleetronegative 
elements the calculated radius sum commonly must be 
divided by 0.94 to give the observed bond length, 
indicating a bond order approximating 1.5. 

Further evidence in support of the partial mul- 
tiplieity in fluorine bonding is available from its re- 
semblance to oxygen, which, forming two bonds, 
discloses something of the nature of its bonding by 


the bond angle. Although two single bonds to oxygen 
would be expected to make an angle not exeecding 
109° (CLO, 110.89: F.O, 103.29: H:0, 104.59), many 
examples are known where the angle is much larger 
even approaching 1809. For example, in numerous 
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silicates and the silicones, the Si—O—Si angle is in 
the range 140-150°; in P.O. the P—O—P angle is 
128°, as it is also in As—O—As and Sb—O—Sb; 
and in various borates the B—O—B angle may be in 
the range of 120-140°. All such wider-than-expected 
angles suggest partial utilization of the two other- 
wise unused pairs of outer electrons on the oxygen, 
involving the fourth sp? orbital of boron or outer 
d orbitals of the silicon, phosphorus, and others. If 
oxygen can enter into such partial multiplicity, there 
seems to be no reason why fluorine cannot do so 
similarly. 

As a probable consequence of such partial mul- 
tiplicity, heats of atomization (per equivalent) of 
BF; (154.5), B.O; (126.9), AIF; (148.5), ALLO; (121.9), 
SIF, (137.8), SiO; (107.2), AsF; (114.9), and similar 
compounds are appreciably higher than would be 
expected írom polarity. When the average bond 
energies for all the gaseous molecules listed in NBS 
Cireular 500 (2) are arranged in descending order, 
the leaders are: B F, Si—F, H—F, Li CI, Na—F, 
As—F, H—O. As will be seen, these facts become es- 
pecially important when one attempts to prediet the 
course of reactions involving such compounds. 


Coordination 


This topic could easily lead us into more elaborate 
and lengthy discussions than would be appropriate 
to our primary purpose of establishing practical rules 
for understanding chemical reactivity. Such dis- 
cussions would pertain to the chemistry of transition 
metal complex ions, and would involve exposition of 
ligand field theory more specialized and detailed than 
was intended for this paper. This is an interesting 
and active area of research but cannot be included 
here. Instead, let us consider some of the more 
general aspects of coordination bond formation, as it 
occurs in both molecular addition compounds and 
complex ions in general. 


(15) Coordination bonds tend to be Stronger, the 
more readily the donor atom can supply electrons. 


Factors influencing the ability of 
furnish a pair of ele 
the following: 

(a) Its Partial Charge. 


An electron pair is not 
readily donated by an atom from whieh other ele 


have been partially withdrawn. 
nitrogen trifluoride nor (CF) 
atoms bear partial positive charge, are effective donors. 
Even when other electrons have not been withdrawn 
from the donor atom, but the donor atom is of a 
highly electronegative element and only bears small 
partial negative charge in the compound, it is not an 
effective donor, For example, the Oxygen in the 
nitrate ion or the sulfate ion is not highly negative 
and does not donate electrons very easily (see also 
under (e)). On the other hand, if the donor atom is 
highly negative, even though it may initially have been 
high in electronegativity, it can function well as donor. 
Oxygen in state of relatively high negative charge is 
effective as a donor; for example, hydroxide ion (charge 
on oxygen —0.67) is a better donor than water (charge 
on oxygen —0.25). 

When two or more elements 


à donor atom to 
ctrons to an acceptor may include 


ctrons 
For example, neither 
3N, in which the nitrogen 


are joined together in a 
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negative ion, and atoms of each contain unshared 
electrons in the outer shell, these electrons are ex- 
pected to be donated more readily, the less electronega- 
tive the original element. For example, in a cyanide 
ion, both carbon and nitrogen bear unshared electron 
pairs but the carbon is probably the more ready donor. 
Inanions containing both nitrogen and oxygen as poten- 
tial donors, it is probably the nitrogen that donates more 
readily. When the original element is only inter- 
mediate in electronegativity, such as phosphorus, then 
it can act as donor in compounds where it even has a 
small partial positive charge, as in P(CHs)3, especially 
provided the attached atoms or groups are good elec- 
tron suppliers (see (c) below). 

Closely related to this donor ability is the observa- 
tion that the higher the negative charge on a donor, 
the greater its coordination number in a crystal lattice 
4). 

(b) Involvement of the Donor in Bond Multiplicity. 
An electron pair is less available for coordinate bond 
formation when it would otherwise be involved ir 
multiple bonding through resonance. For example, 
the partial charge on nitrogen in trisilylamine, (SiH3);N, 
should be more negative than that in trimethylamine, 
since silicon is less electronegative than carbon. There- 
fore trisilylamine should be a better donor, but in 
fact it is scarcely effective. The reason is believed to 
be that the outer d orbitals of the silicon are able to 
involve the “unshared” pair of electrons on the nitrogen 
to such an extent that they are effectively utilized 
in nitrogen-silicon "pi" bonding and thus unavailable 
for donor action, toward an outside acceptor. 

(c) Capacily of the Reservoir Attached to the 
Donor atoms appear to be better able to supply elec- 
trons, the better the electron 


reservoir that is made 
available to them by other atoms covalently bonded 


to them. For example, P(CH:); is a better donor 
than PH;; this may be ascribed to the fact that the 
methyl groups supply electrons to the phosphorus 
more effectively than the hydrogen atoms can, thus 
permitting phosphorus atom to share its extra pair 
of electrons more easily with an outside acceptor. 

(d) Polarizability of the Donor. The donor may 
be more effective in Some combinations if it is relatively 
easily polarized, as for example, the iodide ion com- 
pared to the fluoride ion. 

(e) Concentration of the Donor Ei 
atoms may be able to function bet 
small atom acceptors, 


Donor. 


lectron Pair. Donor 
ter, especially toward 
, When their electron pairs are 
concentrated within a relatively narrow region rather 
than spread out. For example, aleohols and ethers 
are generally better donors than ketones or carboxy- 
lates, for the probable reason that in the former the 
oxygen is already involved in two single bonds, whereas 
in the latter, it is involved in one double bond. Al- 
though in both cases the oxygen has two “free pairs” of 
electrons, these electrons have more room to spread 
out when the other electrons are localized in the double 
bond rather than distributed in two single bonds. 

This is especially important in protonie bridging 
or indeed in any bonding to hydrogen. Fora covalent 
bond to hydrogen may sometimes usefully be considered 
a coordination bond in which a proton is attached to a 
donor, and a protonic bridge is similar in that a par- 
tially positive hydrogen (instead of a bare proton) is 


attracted to a donor. In the first case, the acidity of 
the hydrogen, and in the second, the strength of the 
protonic bridge, are largely determined by the avail- 
ability of the electron pair in a concentrated form. 
In the first case the hydrogen is more acidic the less 
available the electron pair, since a poor donor to the 
proton permits more extensive dissociation in a sol- 
vent that is a competitive donor. For example, HCl 
is more acidic than HF probably because the electron 
pairs on the larger chloride ion are too spread out to 
serve as effectively as the more concentrated electron 
pairs on the smaller fluoride ion. For essentially the 
same reason, then, molecular HF is strongly associated 
through protonic bridging whereas HCl is not. à 

Examples involving oxygen are water, and nitrate 
ion. The charge on oxygen is —0.25 in the former and 
—0.29 in the latter. Water is nevertheless a much 
more effective donor than is the nitrate ion. The 
difference may well lie in the multiple nature of the 
bonding in the latter, giving the “donor” pairs that 
are unused in bonding to nitrogen more opportunity to 
spread out, thus making them less available to an 
outside acceptor. 

(16) Coordination bonds tend to be stronger, the 


more effective the acceptor. 

Factors influencing the ability of an acceptor atom 
to take on electrons may include the following: 

Partial Charge. Other factors being equal, one 
would expect an acceptor to attract an electron pair 
more strongly, the higher its partial positive charge. 


"ai rbitals. 

cune ken coordination bonds when they have 
more than one vacant orbital available to be used - 
bonding to the same Aus e metal 

saving several available d or À 1 
cte of the Vacant Orbital in Partial M a 
Bonding. Acceptor atoms are less effective eet t 7 
“vacant” orbital can be at least partly used in mu hp e 
bond resonance within the molecule. For example, 
BI, > BBr > BCh: > BF: despite the es 
positive charge on the acceptor atom, Laem A 
because this is the order of increasing multiplicity 


using the acceptor orbital. 


lonie Bonding A 
(17) The strongest ionic bonding is expected be- 


tween the smallest ions of highest charge, and vice 


versa. : 
The question of whether ions actually cred a ie : 
in the lattice of crystals formed by oe fa n d 
such “ions” has been discussed previously S Es 
will not be considered again here. This bee ue a 
simply based on Coulomb's law, assuming e 


i ith their net charge centered at their 
to be particles with their PR ou 


nuclei. The effect of ion size is illust j 
i i roperties of LiF, which melts 
un py Physica Bie, and Csl, which melts at 


P boils at 1681°, À elts 
ae nd ps p 1280°. The heats of atomization 


are 203 and 125 kcal/mole. 
ize di i d anion 
When size difference between cation and ani 
is d enough to permit anion-anion or cation-cation 
contact, the ionic bonding is weakened by these 


repulsions. 


Acceptor atoms may be able to- 


For example, lithium iodide contains cations so 
small in comparison to the anions that the anions 
must be in direct contact, reducing the lattice energy 
as shown by otherwise unexpectedly low melting and 
boiling points (6). 


(19) Ionic crystals containing complex anions tend 
to decompose more readily, the less completely the 
anion has acquired the electrons of the cation and the 
smaller and therefore more polarizing the cation (8). 


Calcium carbonate is less stable than barium car- 
bonate but more stable than zinc carbonate; magnesium 
sulfate is less stable than calcium sulfate; and sodium 
borohydride is less stable than potassium borohydride. 


Steric Requirements in General 


No matter what kind of bonding may be in effect, 
it must be weakened if the most stable bond angles or 
the most stable distances are not allowed because of 
interference in space of two or more groups in the same 
molecule or because of any distortion that might be 
necessary to complete the bonding in the molecule. 

For example, carbon tetraiodide is not very stable 
presumably because the four iodine atoms tend to get 
jn one another’s way. P, and cyclopropane are not 
very stable because their formation requires the 
distortion of normal bond angles, with consequent 
crowding together of electrons of the separate bonds. 


Metallic Bonding 


(20) The strength of metallic bonding tends to be 
greater, the greater the number of half-filled orbitals 
possible, including the underlying d orbitals. 


Nearly all of the transition metals seem to have 
stronger bonding than the nontransition metals, 
showing the greater utility of d orbitals for this pur- 
pose. In both types of metals, as roughly indicated 
by the heats of atomization, bond strength is lowest 
where there are fewest valence electrons or fewest 
orbital vacancies and works toward a maximum where 
all bonding orbitals are half-filled. This is illustrated 
by Table 12. Evidently the more bonding electrons, 
the stronger the bonding, provided vacancies are 
available. This is consistent with the facts of co- 
valence, wherein also the greater the number of shared 
electrons, the stronger the bonding. 


Table 12. Metallic Bonding Strength Across Period Six: 
Heats of Atomization (kcal mole~?) 


Cs 18i7 Te a dr 150 TI 43.3 
Ba 41.7 W 200 Pt 135 Pb 46.8 
La 99.6 Re 186 Au 85 Bi 47.5 
Hf 108 Os 160 Hg 14.7 Po 345 


Manganese and, to a lesser degree, chromium 
appear to have weaker bonding than expected in 
comparison with their neighbors. This is consistent 
with the special stability of a set of exactly half- 
filled d orbitals, and suggests that electrons of such 
a set are not as free for general sharing. 


(21) Within a major group of the periodic table, 
metallic bonding strength decreases with increasing 
atomic radius (increasing principal quantum level of 
the valence electrons). 
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For example, heats of atomization per g atom are, 
Li, 38.4; Na, 25.9; K, 21.4; Rb, 19.6; and Cs, 18.7 
keal. This is consistent with the general tendency for 
covalent bonds to be weaker between larger atoms, 
and possibly has similar cause—a weaker interaction 
at greater distance together with a larger number of 
electrons shielding the nucleus. Group II-A is ex- 
ceptional in that the bonding in Ca, Sr, and Ba is all 
of similar strength and greater than in Mg. 


(22) Within a subgroup of the periodic table, metallic 
bonding strength increases down the group. 


For example, the heats of atomization per g atom 
are Ti, 112.6; Zr, 146; and Hf, 168 keal. This is just 
the opposite of the major group metals. It may well 
be related to the differences in oxidation state stabilities 
between the two types of elements. Descending a 
major group, higher oxidation states tend to become 
less stable; the reverse holds for the transition metals. 
The increasing bonding strength down a subgroup is 
probably related to the increased compactness of the 
atoms, such that despite their difference in atomic 
weight and number, the lower two elements are closely 
similar in atomic radius. The large increase in nuclear 
charge without proportionate increase in radius is 
evidently related to higher attraction for electrons and 
therefore stronger bonding. 


Predicting Chemical Reactions 


After all the preceding preparation, how fine it 
would be if one could now write out a few simple, 
completely reliable rules for judging the direction 
of any chemical reaction. Unfortunately, one’s judg- 
ment must depend on an intuitive understanding of a 
considerable number of factors, the relative contribu- 
tions of which are not always easy to assess. Al- 
though such judgment. is susceptible to error, it is 
usually reliable where it seems reasonable to attempt 
it; and it is certainly superior to helpless ignorance. 

Of course, if the free energy of the reaction i 
there is no problem of prediction. 
change is known, prediction is usual: 
temperatures but much less relia| 
peratures. If the reaction occurs 
oxidation potentials of the species i 
then prediction is relatively simple, and such potentials 
afford a rough guide for possible reactions in the 
absence of solvent, If the -equilibrium constant is 
known, the relationship, AG = —RH In K gives us 
the free energy change. But lacking such information, 
we must then rely on our understanding of the prin- 
ciples discussed in the foregoing sections. 

For reactions at ord 


s known, 
If only the enthalpy 
ly valid for ordinary 
ble for higher tem- 
in solution and the 
involved are known, 


(23) Reactions tend to occur wherever bond orbitals 
and shareable electrons ‘are available and permit 
attractive interaction between atoms, 


As explained in an earlier article (3), wherever 
electron sharing is possible, it occurs always with 
evolution of energy. We may therefore predict with 
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confidence that all atoms possessed of external orbital 
vacancies will combine to the limit of their ability 
under prevailing conditions—whether the same or 
different elements are represented. The only elements 
whose atoms do not combine under ordinary conditions 
are those whose atoms contain no external low energy 
vacancies: the "inert" elements of the helium group. 
Even these, when such vacancies are created through 
the influence of highly electronegative elements such 
as fluorine. can unite by chemical bonds, 

When a choice exists, then the tendency is for atoms 
to form the strongest bonds possible if at ordinary 
temperatures or at higher temperatures, to achieve 
the least ordered states. In predicting reactions at 
ordinary temperatures, we can consider the preceding 
principles of bond strength and attempt to decide 
whether the total bond strength would be greater in 
“reactants” or “products.” On this basis we can 
often make an educated guess as to the probable course 
of the reaction. 

The major types of reactions for which such predic- 
tions are most simply made are the following: 

Synthesis—direct combination of elements or com- 
pounds. 

Substitution—displacement of one element, or com- 


pound, from its more complex combination, by another 
element or compound. 


Metathesis—double decomposition, or partner 
exchange. 

Some principles of chemical reaction applicable 
to these types can now be discussed in some detail. 


Synthesis 


(24) Any two elements tend to combine if the bonds 
formed are stronger than the average of the bonds in 
the free elements. 


Since nearly all elements differ in electronegativity, 
the bonds between two different elements are nearly 
always polar. As already pointed out, polar bonds 
tend to be Stronger than nonpolar bonds. The 
bonds between two different elements therefore 
tend to be stronger than the average of the bonds in 
the free elements. The heats of formation of most 
binary compounds are therefore negative (exothermic), 
and in a general way, more so the greater the elec- 
tronegativity difference and resultant bond polarity. 

Consider, for example, the reaction of chlorine with 
red phosphorus. The chlorine atoms are held together 
in stable Cl; molecules requiring about 29 keal per g 
atom to atomize. The phosphorus atoms are held 
together in giant molecule aggregates in which each 
atom is joined to three others by single covalent bonds 
of such strength that the heat of atomization is about 
80 kcal per g atom. Yet these bonds are readily 
ruptured to form PCl; molecules. The heat of forma- 
tion of PCL is —26 kcal per equivalent. Stated a 
little differently, if all the phosphorus and chlorine 
atoms were present separately, as a gas of monatomic 
molecules, they might join together to form phosphorus 
solid and chlorine gas, or they might join together 
to form PCl, molecules. The latter process would 
evolve 82 kcal per equivalent whereas the former 
would evolve only 56 keal per equivalent. The reac- 
tion obviously goes in the direction of forming the 
strongest bonds possible. But why should P—CIl 


bonds be stronger thai P—P or Cl—Cl bonds, or 
their average? How do P—Cl bonds differ? The 
chief recognizable difference is in polarity. Chlorine is 
initially more electronegative than phosphorus, thus 
becoming partially negative (—0.10) at the expense 
of the phosphorus (0.30 electron). | The bond length is 
9.04 À, compared to CI—Clof 1.984 and P—P of 2.28 A. 
The bond polarity provides for closer interaction than 
expected for a nonpolar bond, and greater strength. 
(Some contribution from partial multiplicity is also 
possible here, to the extent that outer d orbitals of the 
phosphorus may be able to accommodate otherwise 
unused outer electron pairs on the chlorine atoms.) 

Even when the atoms in the elements individually 
are very strongly held together, compound formation 
will produce still stronger bonds if they are sufficiently 
polar. The same factors that cause tungsten, for 
example, to have the highest heat of atomization of 
all elements enable it to form polar compounds of very 
high stability, so that energy lost in separating the 
tungsten atoms is more than regained when they com- 
bine and condense with atoms such as those of the 
halogens. For example, the heat evolved when 
tungsten and chlorine atoms unite to form solid WCh, 
147.6 keal per equivalent, is 19 keal more than would 
be produced by combination of the same atoms to 
form Cl» and tungsten metal instead. . 

But when the elements are nearly alike in elec- 
tronegativity, the bonds between unlike elements are 
low in polarity and not necessarily stronger than 
within the individual elements, if as strong. For 
example, the oxides of nitrogen are not readily formed 
from the elements, in comparison jia me they 
are not very stable. The heats of formation are as 
follows: NO, 21.6; NO: 8.1; NO, 19.5; NzOs, 20.0; 
: and N;Os, 3.6 keal/mole. These positive 
rgy is not released when 
d, but merely that the 


energy 
bonding in Ne 
bonds of low po 
in size are weaker, an 
determining whether 


and O: As also pointed out earlier, 
larity between atoms quite different 
and this too may be a factor in 
a synthesis will occur spon- 
tancously. For example, the H—Te bond is EA 
sentially nonpolar and relatively weak (average bon 

energy keal) because of the size difference. Forma- 
tion of H;Te from the elements is therefore not favored, 
but would absorb 37 kcal per mole. On the other hand, 
the C—H bond is very strong (average In CH, 99.5 
keal), more than enough to compensate for the energy 
required to break apart the Hz molecule and atomize 


graphite. 


5) Two molecules or ions tend to combine if an 
p es pair of one can be shared with another 
having an outer vacant orbital. 

A very large number of reactions of this type are 
known. They include the direct formation of all 
molecular addition compounds, the uniting of two 
simple compounds to form a complex compound, and 
addition polymerization (the type that oceurs by 
addition of molecules together, without splitting out 
any other products). Principles governing the rel- 


ative stability of such combinations have already 


been discussed and will not be detailed here. 
some illustrations may be of interest: 


CaO + SO: — CaSO, 


Calcium oxide is itself a very stable substance, with 
a heat of atomization of 254 kcal per mole, and one 
might well wonder why it should react further with 
anything. But by having a relatively high partial 
negative charge, the oxygen of calcium oxide is a good 
potential donor. The three oxygens attached to 
sulfur have withdrawn electrons from the sulfur, not 
enough to give them donating ability but enough to 
expose the sulfur nucleus to the electrons of the calcium 
oxide oxygen. Consequently this negative oxygen 
becomes coordinated to the sulfur, forming the sulfate. 
The standard heat of formation of CaSO, is 342 kcal 
per mole, in contrast to those of CaO, 152, and SO; 
95, the sum of which is only 247 kcal. i 

In general all oxides in which the oxygen is suf- 
ficiently negative to make it effective as donor tend 
to join all oxides in which an available orbital or more 
can act as acceptor. The acceptor must, however, 
have a higher attraction for electrons than has the 
positive atom of the donor oxide, or nothing would be 
gained by the reaction. We would not, for example 
expect the sodium (charge, 0.40) in Na:O to accept 
electrons from the oxygen in CaO because the calcium 
(0.57) would attract them more strongly. Further- 
more, we would not expect two oxides such as N;O; 
and SO; to combine because in neither is the oxygen 
sufficiently negative to donate effectively. ` 

Finally, it is recognized that amphoteric oxides such 
as water may be able to react as either donor or ac- 
ceptor, depending on the character of the other oxide. 

Analogous reactions occur between halides (es- 
pecially fluorides) and sulfides of metals and those of 
nonmetals, forming complex halides and sulfides. 

CaCl, + 6H,0 — CaCl:-6H:0 


This kind of reaction depends on the ability of 
water oxygen to donate electrons better than does a 
chloride ion, presumably a result of the higher con- 
centration of an electron pair on oxygen than on 
chloride ion. The water molecules can thus become 
coordinated to the calcium ion. A similar reaction 
does not occur with KCl because the potassium, with 
its larger size and lower nuclear charge, is less effective 
as an attractor of electrons. 

z CHa — (CHa): 


Here the joining together of molecules is made 
possible by the fact that neither the valence electrons 
nor the orbitals can be used to maximum capacity in 
an olefinic double bond. Various explanations might 
be offered. Perhaps the easiest to visualize is the 
inability of two orbitals of the same carbon to be 
oriented toward the other carbon at the same time. 
Or we may consider the problem of trying to con- 
centrate more than one pair of electrons within the 
space between the two carbon atoms. Two single 
bonds appropriately directed to minimize repulsions 
are then expected to provide greater stability than one 
double bond. The approximate bond energies are 
147 keal per mole for an olefinic double bond and 164 
keal for the equivalent in two single C—C bonds 
Two single bonds thus impart greater stability than 
one double bond. i 


However, 
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This properly calls attention to the question of 
whether all unsaturated molecules polymerize, and 
if not, why not. We are at once confronted with 
CO: which does not polymerize, with ketones which 
do but by condensation (splitting out water) rather 
than direct addition, with aldehydes which under 
certain conditions can polymerize by addition as well 
as by condensation, and by silicon dioxide and the 
silicones that exist only as polymers. Bond energy 
values that indicate approximately the strengths of 
C—O single and double bonds are 81-4 and 164-74. 

À system in which each carbon atom is joined’ by 
double bonds to two oxygen atoms thus seems 
approximately equal in stability to one in which each 
carbon is connected to four oxygens -by single bonds 
and each oxygen joined to two carbons. This is 
quite unexpected, however, because in general two 
single covalent bonds should be stronger than one 
double bond, other factors being equal. Carbon 
dioxide is apparently exceptional among a large 
number of double bonded compounds capable of 
addition to form polymers; the average bond energy 
in CO. is 192 keal, or 20-30 kcal more than for a 
carbonyl bond. 

All synthesis and addition reactions occur with a 
decrease in entropy, and therefore become less able 
to occur with increasing temperatures. At high 
temperatures where the entropy term exceeds the 
enthalpy change, the opposite or decomposition 
reactions are favored. 


Substitution 


(26) An element tends to displace another from a 
compound if a more polar bond results. 


This relationship between bond polarity and bond 
strength can be used only as a rough approximation 
because it neglects other factors such as bond order 
and bond length, as previously discussed. However, 
it is useful as such, since in many instances other 
factors do not vary widely. In particular, highly 
electronegative elements exhibit a Strong tendency to 
acquire negative charge, and if they have not been 
very successful in one combination, they tend to 
leave it in favor of another combination in which they 
can acquire higher negative charge. As stated, the 
principle describes the tendency of a highly electronega- 
tive element to displace a less electronegative element 
from its eompound with an electron source. This is 
illustrated by the familiar halogen displacement 
Series; heats of formation always increase for com- 
parable halides of a given element in the order I « 
Br«CI«rF. It is further illustrated by the ready 
conversion of hydrides, sulfides, bromides, nitrides, 
and iodides to oxides by heating in air. 

Indirectly, the Principle describes the displace- 
ment, of a less active metal by a more active metal, 
For example, sodium Will displace aluminum from its 
chloride and, much more readily, hydrogen from 
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water. But this only seems to imply a deliberate, 
positive action of sodium. It may more accurately 
be recognized as a manifestation of the tendency of 
chlorine and oxygen to acquire higher negative charge. 


Metathesis 


(27) The major tendency is for metathetical re- 
actions to favor the formation of the most polar bond 
possible. 


This is because the most polar bond is usually the 
strongest bond. It must be recognized at once, 
however, that (1) the most polar bond is not neces- 
sarily the strongest although it often is, and (2) the 
reaction does not necessarily favor the strongest 
bond or most stable compound, because free energy 
can sometimes be released when a very stable and a 
less stable compound interchange to form two new 
compounds of intermediate stability but above the 
average of the reactants. 

Yet this rule is a very useful one despite its limita- 
tions, for it applies to many of the more important 
kinds of chemical change. Some examples are: 

The synthesis of organometallic compounds from 
halides of more electronegative metals and organo 
compounds of more active metals, 


HgCl: + 2CHsMgCl — Hg(CH:); + 2MgCl, 


The most polar bonds here are those between Mg 
and Cl, the charge on Cl being —0.17 in HgCl and 
—0.34 in MgCl. 

Hydrolysis of binary compounds in 
nonmetal with less electronegative nonmetal 


NaH + H:O — H; + NaOH 


Here oxygen is the most electronegative element and 


becomes much more negative in OH- (—0.67) than 
it was in H,O (—0.25). 


general, of 
or metal. 


MgNi + 6H;0 + 2NH; + 3Mg(OH); 
Here the Mg—O bond is most polar. 
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M... chemists agree that the measuring 
and understanding of the rates of chemical reactions 
and the mechanism by which they occur are important 
activities in chemistry. It is therefore somewhat 
surprising that any reasonable discussion of these areas 
is normally deferred until the third or fourth year of 
college. Rates may be mentioned in first year chemis- 
try courses, such as are given in high schools, and the 
effect of concentration and temperature generalized. 
But the impression is almost always given that a study 
of the equation for the net reaction provides evidence 
for the factors which will affect the rate and that the 
equation will enable one to predict from it which con- 
centrations will have what effect on the rate. 

Chemistry, at these early Stages, almost always 
concerns itself with the nature of the products and the 
reactants and with the equilibrium between them. 
But it very seldom deals with that interesting phase of 
chemistry (represented by the equal sign) through which 
the reactants do indeed become the products. Rate 
experiments, when performed, usually corroborate the 
erroneous idea that the net reaction is intimately 
related to the rate equation, either by presenting only 
qualitative evidence as to the effect of concentration, 
or by dealing with systems in which the mechanism is 
80 simple that there is a. pseudo-correspondence between 
the net reaction and the rate equation. Even when 
rates and mechanism finally are approached at a higher 
level, they are seldom dealt with on an experimental 
basis so that few of the interesting features of mech- 
anisms are met in the laboratory. 

There has been considerable justification for this 
approach in the past when the mechanisms of very few 
reactions have been completely understood, when rate 
data have been hard to obtain, and when the majority 
of chemists have actually been more interested in other 
areas. None of these “rate determining factors" 
seems, however, to be effective now. 

The studies of rates ar 
reactions has now 
of chemistry. Th 
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for a minimally edueated co 
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Kinetics—Early and Often 


rates and mechanisms and then outline possible 
sequences by which the total picture might be achieved 
in the mind of the student. I would choose to classify 
these ideas into three main categories: 


The variables which ordinarily affect the rate of 
chemical reaction. 


The mechanism by which the chemical reaction 
actually occurs. 


The relationship of this mechanism to the equilibrium. 


In order to approach most directly the relationship of 
the variables affecting rate, it seems feasible first to 
study the rate and to determine experimentally the rate 
equation. In such an equation the rate of change of 
Some concentration is expressed as a function of certain 


concentrations and, at any given temperature, a con- 
stant. For example, 


d(HBr]/dt = k (H;] [Br]'^ 
for the initial stage of the net reaction 
H: + Br: + 2HBr 


In some cases this differential rate equation can be 
integrated to give an expression for the concentration 


of each variable as a function of time and the additional 
concentrations. For example, 


log (ester) = kt + C 
for the net reaction 


H:0 + CH,COOC;H; —+ CH3COOH + C;H;OH 


It is interesting to observe that there is no general 
relation between either the differential or integrated 
form of the rate equation and the equation for the net 
reaction. In many cases the rate of reaction is un- 


affected by changes in concentrations of some of the 
reactions. For 


2NHs(g) + N:(g) + 3H«(g) 


on a tungsten surface the rate is independent of the 
concentration of ammonia. In many other cases the 
concentrations of substances appear in the rate equation 
whereas these substances do not appear in the equation 
for the net reaction. The rate of the net reaction 


Ci HzO1 + H0 — 2 C6H0 
in dilute acid is given by 
d(CiHzO]/dt = k(CicHaO8] [H+] 


Furthermore, there is no general correlation between 
the exponent of each concentration, or the form in 
Which it appears in the rate equation, and the co- 
efficient of the corresponding substance in the equation 
for the net reaction. Thus, the general rate equation is 
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a{HBr] _ AH] [Br] -. 
dt 7 k + (HBr]/(Br] 


for the net reaction 
H: + Br: 2HBr 


This comparison ot experimental net equations and 
experimental rate equations quickly leads to the con- 
clusion that any correlation between the two must be 
quite coincidental or, at least, very well hidden by the 
intricacies of any relationship. ; 

The effect of temperature on the constant in the rate 
equation is often experimentally calculable since, in 


general 


d log k 
d[1/T] 


A plot of the logarithm of the rate constant versus the 
reciprocal of the absolute temperature commonly ap- 
proximates & straight line from whose slope k may be 
calculated. f ; 

No variables other than certain concentrations and 
the absolute temperature are ordinarily found to affect 
he rate of a given chemical reaction. - 1 
: It is ou that there are reactions, particularly 
those oceurring on solid surfaces, where itis extremely 
difficult to express the concentration. But it is com- 
monly accepted in these cases that the difficulty is in 


defining the concentration rather than being based on a 


ind of variable. y 3 
ee of course, quite possible to interpret these 
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Mechanism of Chemical Reactions 


for the understanding of the 


A major prineiple s is committment to the 


ism of chemical reactions 1S € 
an all mechanisms are possible, but Mv some 
mechanisms proceed more rapidly than o Pes : 
that normally the ipee irs A 5 ie 
i ism— whic! lj 
i nere ER pedis simultaneous or parallel 
cons oceur, but many others can be adequately 
ted in terms of & single predominating mech à 1 
i a typical predominating mechanism aniy si de 
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collision of certain reacting molecules pud he e 
ion of intermediate molecules. The inter dat 
iem m s then continue to react in further steps of the 
E x to produce the final products. Some us 
Motos involve very complicated mechans je ws i 
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relatively simple en is ‘primarily determined by 
ien Sof single step known as the slow step of the 
an echanism. When there is a single slow step 
eee rimentally determined ‘rate equation and the 
SD mental dependence of the rate constant on abso- 
p temperature turn out to be especially simple. ; 
Finally, in the mechanisms of ANY rr ga i 
actions the intermediate produets are hig n y 
and can exist only at small concentrations. in ma y 


cases, these concentrations build up as the reaction 
begins to a level which remains quite constant during 
the major course of the reaction. Such concentrations 
are said to experience a steady state. Substances having 
a steady state concentration are being formed and 
reacting at the same rate so that their net concentration 
at any time is constant. 

Thus, one writes down various plausible mechanisms 
and compares the rate equation calculated from the 
assumed mechanism with the experimental one. Often 
only one mechanism is found which gives concurrence 
with rate and other (e.g., energetic) data. Such a 
mechanism is, then, assumed to be correct. 


Equilibrium and Kinetics 


Once the general mechanism of a reaction is under- 
stood, it is easy to demonstrate, by applying the 
principal of micro reversibility, that the equilibrium 
state involves a set of simultaneous reactions in which 
every step in the mechanism is proceeding in both 
directions at equal rates. It is also easy under these 
conditions to show the relationship of the rate ex- 
pressions to the equation for the net reaction. The 
sum of all of the mechanistic steps must give the 
equation for the net reaction. Ordinarily the equation 
for the rate of reaction, if there is a single slow step, 
depends only on the concentration of the reactants in 
that slow step and on the absolute température of the 
system. 


Applicability of Mechanistic Ideas in Early Chemistry 


It is difficult to see why the ideas presented above 
which summarize most of the major points important in 
understanding rates and mechanisms of reaction cannot 
be presented at a much earlier stage than is now done. 
It further seems possible that presenting such ideas at 
an early stage would allow students to have a new 
comprehension of what actually oceurs in chemical re- 
actions and, thus, a much better understanding of the 
nature of chemicals and their interactions with one 
another. The problem remains to devise experimental 
methods of illustrating these ideas. It seems especially 
important to devise experiments which the students can 
themselves perform and from which these ideas become 
dramatically underlined. May I therefore suggest at 
least one experiment which seems to fulfill some of these 
criteria. 


The "Blue Bottle" Experiment 


Let us consider a chemical system which is very 
easily constructed and on which very simple experi- 
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ments can be done by students with a minimal experi- 
ence in chemistry.’ I have used this experiment with 
students from the 7th grade through graduate school 
with considerable success at all levels. Even faculty 
members seem to be pleased with the observations and 
conclusions which can be made in connection with it. 
The system normally consists of a glass flask approxi- 
mately half full of a clear colorless liquid with a rubber 
stopper in the top. Shaking the flask causes the liquid 
to turn blue. Upon standing the blue liquid reverts to 
its original colorless condition. Shaking initiates a 
further bluing, then de-bluing cycle. Students of all 
degrees of sophistication seem to enjoy suggesting 
interpretations of these observations. It is commonly 
suggested that there is a colored material on the stopper 
or that the increased contact with the glass on shaking 
causes the color change. These ideas are readily 
checked experimentally by up-ending the flask or by 
gently swirling it so that the liquid does cover the glass 
or touches the stopper. In neither case does the blue 
coloration appear. 

Perhaps the most obvious change in the flask upon 
shaking is that the kinetic energy of the contents is 
increased. This leads to the idea that the rise in 
temperature causes the blue color with the subsequent 
loss in heat as the flask cools back to room temperature 
allowing the color to revert, Again this can be readily 
checked experimentally by warming the flask in one’s 
hands and showing that the blue coloration does not 
occur. 

The common suggestion at this point is that there are 
two layers which are mixed when the flask is shaken and 


iI found this experiment at the University of Wisconsin in 
1954, but heard it was discovered at Cal Tech. 


then settle out. This can be quickly checked by again 
up-ending the flask and noticing that the blue color dis- 
appears uniformly in the long cylindrical neck rather 
than rising or falling as would be true were there two 
layers which were separating. A similar suggestion is 
that shaking may mix any gas which is in the top of the 
flask with the liquid and that upon standing the gas 
separates from the solution again. This can also be 
experimentally checked just as the earlier two layer 
theory, since it is only a special case of it. Again the 
uniform disappearance of blue color throughout the 
flask indicates that this suggestion is not acceptable. 
Note that each suggestion fits all the observations 
made up to that point, but can be shown to be in- 
adequate to fit further possible observations. 

Once the idea that there may be a gas in the top of the 
flask arises, it becomes apparent that this may indeed 
be a reactant which does not later escape from the 
solution. Students quickly suggest various ways of 
checking this theory. Assuming that the gas pressure 
was originally atmospheric this pressure should have 
dropped and gentle removal of the stopper should show 
bubbles in the inside of the “liquid seal” around the 
stopper. It is wise to point out at this time that this 
may seriously affect the experiment by contaminating 
the contents of the flask with air. However, the ex- 
perimental check does indeed show that the pressure is 
less than atmospheric and further shaking will again 
reduce the pressure below atmospheric. An even more 
clever way of checking the possibility that a gas is 
entering the liquid and causing the blue color is to 
observe the interface between gas and liquid. If the 
theory is correct there should be a thin blue layer where 
the mixing is continually occurring. Close exami- 
nation shows this layer. The fact that the layer is not 
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Liquid contains X and Y 


fairly slow 


Gas + X blue cpd + (?) 
(2) + Y — Z (another cpd) 
Z + Blue cpd > X + new cpd 


colorless 


Gas + (1 component) — blue cpd 
catalyst 


Blue cpd + 2 comp — new epd + 1 component 


thick coincides with the observation that the blue color 
disappears on standing. So, in the case of the surface 
layer, the blue color disappears as it diffuses into the 
bulk liquid. A further quick check can be run by re- 
placing whatever gas is in the flask, normally air, by 
natural gas. Shaking the liquid with natural gas does 
not cause any blue coloration. Replacing the natural 
gas with air and repeating the shaking again causes the 
blue coloration which disappears on standing. One 
now has fairly conclusive evidence that some ingredient 
of air does indeed react with the liquid to form the blue 
solution. ` 

By this time one will almost certainly have observed 
that the rate of the initial “bluing reaction,” while not 
instantaneous, is quite rapid, occurring in & few 
seconds, whereas the disappearance of the blue color 
takes much longer depending on the conditions but 
approximating twenty seconds or so. This allows the 
tentative conclusion that there must be at least three 
reactions occurring in the flask. There is the solution of 
the gas in the liquid phase, followed by a reaction with 
something in the liquid to form the blue color, followed 
in turn by the reaction of the blue material to produce 
colorless products. We can tentatively represent this 
reaction mechanism (note that the student has arrived 
at this mechanism without any knowledge of the 
chemical ingredients of the flask and on the basis of very 
simple observations which can be made in any class- 


room) by the following scheme: 


A(g) — A(soln) 
Suggested 


A(soln) + X — B mechanism 1 


B + Y — products 


In this scheme A represents the original gas; B repre- 
sents the blue material; X represents the reactant which 
converts the gas to the blue material, B; and Y repre- 
sents the substance which reacts with B, the blue 
material, to give colorless products. It is interesting 
to note that essentially every group with whom I have 
discussed this experiment has arrived at this mechanism 
without very much prompting. The question now 
reads: Is the mechanism adequate to interpret all the 
experimental evidence? The answer is that it does 
indeed interpret all the experimental evidence observed 
so far by most of the people, but not all of the experi- 
mental observations which actually can be made. 
For example, perspicacious students will already have 
noticed that the length of time the solution remains blue 
depends on how long one shakes the flask. Very few 
will havé specifically noted that it is also true that the 
intensity of the blue color is independent of how long the 
flask is shaken. These two bits of information, how- 
ever, are readily observed and prove to be very impor- 
tant in continuing a study of the mechanism. 

It is relatively easy to show, with an approximation 
to quantitative measurements, that the length of time 
the solution stays blue is directly proportional to the 
degree of shaking. One shake may cause blue color for 
ten seconds, two shakes for about twenty seconds, four 
shakes for about forty seconds and so on. Thus, the 
time the flask stays blue depends directly on the time 
of shaking. This is certainly consistent with the first 
step in the reaction scheme above in that one would 
expect more gas to dissolve if one shook longer. It is 
not readily consistent, however, with the second step. 
One might guess, if one increased the concentration of 
dissolved gas that the second step of the reaction would 


a ee de RO SE IgE EIL. 


(Blue) notes from students 


tents of a flask 


Examination of the con " 
o return to original color (sec) 


Shakes given to flask Time ti 
1 10 
2 15 
3 20 
i 25 
5 30 


ed blue, the intensity of the 


i i turni 
On shaking, the some i The blue colour then 


the time shaken. 


igi lour. 
faded back to the rid éd in the dark. The times were 


xperiment Was repeated in, à e t 
h ase thoi that the solution 18 not light sensitive. : 
; "The apparent suspe id always remained white. 
e 


On removing the bung, eard to enter the flask. This 


suggests that some of ee is P 
re by a permanent blue cole 1 
Here of the liquid. On tilting the flask a permanent ring 
appeared on the glass of the er qud 
‘quid. On placing a glass stiri r 
He und it. This suggests possibly that the glass 

is catalyzing the reaction. 
T'he reasoning was then continued 24 hours later. 
ible reaction was taking 

t thought was that a revers eact aking 
s pes henover the pressure is reduced inside the flask this 
theory is not altogether true. This reduction in pressure might 
he attributed to the gas absorbed on the surface (the blue colour 
shows this) but if the surface absorbs the gas, why does not the 
whole solution absorb gas. This leads us to think that the 


first reaction is one in which the gas is absorbed by the liquid. 
The equation for this step might be. 


gas + first component of solution — blue compound 


This is a fairly slow reaction. The blue compound then reacts 
with another component of the solution. 


blue compound + second component of solution — new 
compound (colourless) + first component of solution 


This is a very slow reaction. 
The overall equation is 


Gas + second component of solution — new compound 


It would thus appear that one component of the solution is 
acting as a catalyst. 

The slight blue colouration on the surface of the liquid is ex- 
plained as follows: The gas reacts with the surface of the liquid 
to form the blue compound. The blue compound then reacts 
with the second component to form the new compound. Hence 
the second component near the surface of the liquid is all reacted 
and hence the blue colouration is permanent. 


Conclusion 
It would appear that the reaction takirtg place is of the general 
form 


EFE 1 AB 


catalyst addition compound 
AB +C—AC+B 
catalyst 
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proceed more rapidly and that increasing the initial 
concentration of dissolved gas by a factor of four would 
not cause the reaction to take four times as long. The 
time would certainly increase as there is more gas to 
remove, but it should not increase four times. Further- 
more, the fact that the blue color lasts longer as the 
concentration of dissolved gas is increased is not 
directly consistent with the fact that, even though the 
concentration of dissolved gas may have increased, the 
intensity of the blue color, which apparently measures 
the concentration of an intermediate substance, does 
not increase. As a matter of fact, the constant level 
of the blue color would indicate that the concentration 
of this intermediate rather quickly reaches a steady 
state which is maintained throughout the ‘body of the 
reaction, rather quickly dropping from a steady state 
value to zero as the de-bluing reaction nears com- 
pletion. 

How do we account for the lengthening of the time 
the system stays blue, while simultaneously accounting 
for the constant intensity of the blue color regardless of 
the concentration of dissolved gas? 

At this point, students typically suggest many 
possible alternatives which can be explored experi- 
mentally. The weight and amount of experimental 
evidence is now so great that it is relatively easy to 
discard most of the theories which are presented. 
One theory which is not so readily discarded, however, 
is that X is actually a limiting reagent in the second 
step of the mechanism above. Perhaps increasing the 
concentration of dissolved gas cannot give any more 
blue color than can be formed from the limiting amount 
of ingredient X. It rather quickly follows from this 
hypothesis that if the blue color is to remain constant 
and yet be reacting in step three, X must be regenerated 
in step three and be a product. This is consistent with 
the observed fast rate of the second reaction and slow 


rate of the third. Thus, we might modify reaction 
three above to read: 


slow 
B+Y—x 
We now have a scheme which 
made so far. The constant 
reached because X is a limitin 
rapidly with the dissolved gas 
mediate. The blue intermedia: 
regenerating X which quickly 
mediate by reacting with furthe 
dissolved gas is completely use 
colorless state and no more bl 
formed. 

We now have a scheme wi 
the observations which can be readily made merely by 
Shaking the flask. However, we have not exhausted 
the possibilities which the system offers for exploration. 


For example, adding the three steps does not give a net 
reaction! 


fits all the observations 
level of blue color is 
g reagent which reacts 
forming the blue inter- 
te slowly reacts with Y 
forms more blue inter- 
r dissolved gas. As the 
d up, X remains in its 
ue intermediate can be 


hich is consistent with all 


fast 
A(g) — A (soln) 


fast Suggested 
A(soln) + X — B mechaniam 2 


slow 
B+Y—+x 
me NN 
Net: Alg) + Y — ? 
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No product is listed. This can be corrected by using 
scheme 3. 


fast 
Alg) — A(suln) 


Suggested 


fast 7 
A(soln) + X — B mechanism 3 


slow 
B + Y — X + products 
Net: A(g) + Y — products | 


It is now possible to explore the effect of concen- 
tration on the rates of reaction. Since one does not 
know the chemical contents this can be done most 
readily by adding water to the flask. To the surprise 
of most students, the addition of water turns the con- 
tents of the flask blue. This surprise is rather quickly 
resolved when one remembers that there is dissolved 
air in water, and that it is this dissolved air which is 
almost certainly causing the blue. (As a matter of 
fact, this experiment turns out to be a rather good 
method for analyzing for dissolved air (oxygen) in 
waters and can be calibrated to give rather accurate and 
reproducible results.) Once the blue color caused by 
the added water has disappeared, one does indeed find 
that the rate of the de-bluing reaction has decreased, in 
fact it has decreased rather markedly. Another effect 
of decreasing the concentration of X is that the in- 
tensity of the blue color decreases, consistent with our 
mechanism. Thus, the concentration of X, and hence 
B, will have decreased by adding the water as well as 
the concentration of Y. The effect of decreasing the 
concentrations of B and Y, since they react in the slow 
step in the mechanism is that the overall mechanism 
slows down as observed. One might predict therefore 
that doubling the volume by adding an equal volume of 
water would decrease the rate of the slow reaction by a 
factor of four, since both B and Y decrease by a factor 
of 2 in concentration. Actually the rate drops more 
than this indicating that there is a complication of the 
mechanism not yet anticipated. 

By this time, students will probably have noted 
that the solution is slippery. This indicates that it is 
probably basic. Since it is basic it may well be that 
the presence of base has some effect on the reaction 
mechanism. This is actually the final clue which is 
needed completely to unravel the mechanism because 
it is true that although hydroxide ion does not react in 
the rate determining step nor in the net reaction (as is 
true of B also), it is important in determining the overall 
rate of reaction. We thus find that the experimental 
rate equation for this reaction is 


alB] _ , s 
"dp 7 BI IY] (OH-] 


Note that it is impossible, as is 
the rate equation from t| 
action 


generally true, to guess 
he equation for the net re- 


À + Y — products 

Also note that the 
far is hydroxide ion 
However, even without identifying the chemicals it is 
possible to study the effect of temperature on the rate of 
reaction by plotting the logarithm of the de-bluing 
time for a constant amount of dissolved gas as a 


only chemical we have identified so 


function of the reciprocal of the absolute temperature, 
1/T. This is possible, because the rate of the slow step 
is independent of the concentration of oxygen and 
thus the time, #, it takes the total oxygen to disappear is 
directly related to the rate constant k. A straight line 
is obtained from a log ¢ versus (1 /T) plot. (From this 
one can of course obtain the activation energy for the 
slow step.) 

The actual system can be made up in a very rough 
fashion, but should contain approximately 20 g of 
sodium hydroxide, 20 g of glucose (reactant Y), and 
perhaps half a milliliter of 1% alcoholic methylene 
blue (reactant X) solution per liter of water. There is 
nothing very critical about these reactants and they 
need not be weighed out. It then becomes apparent 
that the system involves the oxidation of glucose by 
oxygen (reactant A) catalyzed by methylene blue. . 

Even without identifying the chemicals, it is possible 
for students to see that ingredient X is a catalyst for the 
reaction, since it is consumed and then regenerated in 
the reaction. Thus X appears in the rate equation but 
does not appear in the equation for the net reaction. 
This system is one of the few in which the intermediate 
molecule formed by the catalyst is actually visible. 
Thus, the system provides valuable support to any 
discussion of the nature of catalytic action. 7 

The role of hydroxide ion is somewht more difficult 
to see and cannot be deciphered completely without a 
knowledge of the ingredients involved. The ig 
role of the hydroxide ion is to convert glucose, G 
(formerly called reactant Y) to the glucoside jon, i 3 
in a rapidly reversible equilibrium. . It is spre, 
the glucoside ion which is involved in the actual rate 


determining step. 
fast 
G + oH- = G- + HO 


fast 


1: 


—— A(soln) 
i Hu" fast Suggested 
3. A(solh) + x— B mechanism 4 
ý slow 
4 B+G —— X + products 


Net: G + A(g) — products 
The introduction of the equilibrium constant for tie 
rapid reversible equilibrium allows one to sho, 
however, that the rate can be expressed in terms ol 
glucose concentration and hydroxide concentration, as 


imentally to be the case. 
be e i3 p slow step (and hence the whole mech- 
] 


anism) " 

ABI -. sp (G7) 
where B is the oxidized (blue) form of methylene blue. 
But ed 

Kea = (G] [0H] 


[G7] = KealG] [OH] 
d(B] L y s qG] [OH] IB] = 
k[G] [OH] [B] = k [glucose] {[OH-) [methylene blue] 


i xperimentally de- 
i completely with the experimental 
ae | p equation. Note the reaction is zero 


order in oxygen, the gas A, from the air. 


Tt is now interesting to note that we have indeed 
introduced, with a very simple system, and very simple 
observations, most of the important ideas concerning 
the mechanism and rates of chemical reactions which 
it is normally considered a student entering graduate 
school should, have. And we have done this at the 
level of a first course in chemistry. One can also point 
out that the reaction is susceptible to quantitative 
measurements in a laboratory. In terms of these 
quantitative measurements and an actual knowledge of 
the ingredients, it is quite possible for the student to 
gain great insight into the effect of changing concen- 
trations or temperature on a reaction mechanism. 

Tt is further profitable to point out to the student the 
analogy between the role of methylene blue in the oxi- 
dation of glucose in this system and that of hemoglobin 
in physiological systems where glucose is oxidized. 
Students prove to be quite interested also in the tie-in 
with the use of methylene blue as an antidote for 
carbon monoxide poisoning in the blood, and the mech- 
anism of its action. 


Kinetics—Early and Often 


]t is for reasons such as those presented above that 
the Chemical Education Material Study has made a 
serious effort to introduce the major ideas concerning 
rates of reaction and reaction mechanism in a clear and 
correct fashion in a first course in chemistry. It is for 
the same reason that we at Harvey Mudd College have 
introduced kinetic experiments at all levels from the 
freshman year on. 

What is needed now are further reactions which illus- 
trate, as clearly as the methylene blue, the various 
aspects of mechanisms. Particularly needed are some 
reactions whose rates can be readily measured, for which 
he rate equation can be directly determined, and for 
which it is obvious that the rate equation and the 
equation for the net reaction are unrelated in any simple 
fashion. The usual rate experiments (such as the iodine 
clock, hydrogen peroxide decomposition, inversion of 
sucrose) do not, unfortunately, meet these criteria. 
Even the reaction between silver ion and formate ion 
has the. unfortunate property of possessing a rate 
equation which corresponds ostensibly to the equation 
for the net reaction. There are, of course, reactions 
known which do not have these drawbacks, but a larger 
number need to get into the literature of undergraduate 
experiments, and it is hoped that those knowing such 
experiments will see that this happens. 

"The field of reaction rates and mechanisms is far too 
important to be slighted in the future as it has been in 
the past. Experiments can be done, even in & first 
course in chemistry, which are intelligible to the 
student and which clearly point out the real effects 
of concentration and temperature. The complicated 
series of steps-- with each step simple—which give the 
overall mechanism and the relationship of the reaction 
mechanism to the equilibrium state can also be deduced 
from experimental data. “Kinetics — Early and Often," 
ought to produce interesting results in the education of 
future chemists. 
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Section 7 


The importance of energetics (lattice energies, — 
solvation energies, entropy changes etc.) is again 
stressed in the article by A. G. Sharpe. J. C. 
Fairbank shows how the Lowry-Bronsted theory of 
„acids and bases can be introduced into school 
courses. (A paper of similar content by F. M. Hall 
is: "The Theory of Acids and Bases", Education in 
Chemistry, 1964, p. 91.) J. Serre reviews with 


Reactions in 
aqueous solutions 


clarity the structures of ammonia and the ammonium 
ion and their interactions with solvent molecules, 
A great difficulty in teaching electrochemistry 
has been confusion over sign conventions and 
nomenclature. The article by P, van Rysselberghe 
gives an authoritative account of the conventions 
recommended by IUPAC for general adoption. 


New Trends in Chemistry Teaching. 


Reprinted from Education in Chemistry, Vol. 1, No. 2, 1964, pp. 75-82. 


SOLUBILITY EXPLAINED 


By A. G. SHARPE, M.A., PH.D., F.R.I.C. 


Lecturer in Inorganic Chemistry, Cambridge University 


A solution is a homogeneous mixture of two 
{or more) components. In this contex 
homogeneity denotes not merely uniformity 
under observation by the eye, but incapability 
constituents. by any 
true. solution. the 


of separation into 


mechanical means: in a 
particles of both constituents are separate 
ions, though there is sometimes 


molecules or 
action between one molecule 


quite strong inter lecu 
or jon and a small number of others in its 
immediate environment. It js common 
practice to discuss solubility in terms of a 
solvent and one (or more) solutes: the 
solvent is the component that dissolves the 
solute, ie. retains its own physical state after 
addition of the solute. In some instances 
it is not clear which component is 
the solute. Such a 
thanol 


however, 
the solvent. and which 
ts for two liquids such as e 
which are miscible in all propor- 
al importance 


ex 
and water, 
tions: the distinction is of no re : 
in these circumstances, but it is conventional 
to refer to the component present in greater 
i int as the solvent. i 

arenes are often class ed on the hes E 
their physical state (gaseous, liquid, a: uon ) 
and the phy al state of the pure solute a t ie 
ordinary temperature. There oies ex 
type of solution, and these are listed, with 


an example of each, in the table. 


Types OF SOLUTION 


CES — 


Example 
Solution I i: p 

i Air P 
Water (vepour) in nitrogen 
lodine (vapour) in nitrogen 


Gas in gas 
Liquid in gas - 


Sony ae Carbon dioxide in water (soda- 
ias ic m 
SUNT water) 


Ethanol in water 
Sodium chloride in water 
Hydrogen in palladium 
Mercury. in silver (amalgam) 
Copper in nickel (coinage alloy) 


Liquid in liquid 
Sc in liquid 
Gas in solid 
Liquid in solid 
Solid in solid. 


is concerned mainly with 
es, liquids and different types 
these are the solutions 


This article 
solutions of gases, ^ 
of solid in liquids, since 
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with which the: chemist, especially in the 
early stages of his training, is most concerned. 
The general principles on which solubility is 
discussed apply. however, to all types of 
solution, and the aim of this account is to 
provide a brief introduction which, although 
reasonably self-contained, will serve as an 
introduction to a more advanced under- 
standing of the whole field of solubility. No 
part of this, it is interesting to note, is more 
difficult to treat quantitatively than the 
solubility of salts in water, the subject with 
which the student usually makes his first 
acquaintance with solubility phenomena. 
Most pairs of substances (other than pairs 
of gases) are only partially miscible. When 
sucrose (ordinary sugar) is stirred with water 
at 25°, for example, the concentration of the 
solution eventually reaches a constant value; 
the solution is then said to be saturated, and 
its concentration is the solubility of sucrose 
in water at this temperature. This solubility 
may be expressed in several ways. From a 
physicochemical viewpoint, the most funda- 
mental of these is in terms of the ratio of the 
number of gram-molceules, or moles, of 
sucrose to the total number of gram-molecules 
(of sucrose and water) in the liquid phase 
the mole fraction of sucrose, Also in common 
use are molarity (the number of moles per 
litre of solution). molality (number of moles 
per 1,000 g of solvent) and weight per cent 
(number of grams of solute per 100 g of 
solution) as units of solubility: the second of 
these is especially widely used in dealing with 
solutions of electrolytes, where the term 
'gram-formula-weight^ replaces "gram-mole- 
cule. For solutions of gases in liquids the 
absorption coefficient. (the volume of gas, 
reduced to 0 Coat | atm, dissolved by one 
volume of solvent at the temperature üf the 
experiment under a partial pressure of the 
gas of | atm) is the unit most frequently 


employed. 
The equilibrium which exists in a saturated 
solution is, like all other equilibria, a dynamic 
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one, as may be shown by isotopic tracer 
experiments: the rate of dissolution of the 
solute is equal to its rate of separation from 
the solution. The position of equilibrium is 
affected by heat and pressure in accordance 
with Le Chatelier’s principle, and the solu- 
bility of a non-electrolyte is, in fact, an 
equilibrium constant. For substances which 
yield ions in solution, such as salts of formula 
MX, the equilibrium is of the form 


MX (solid) = M* (in soln) + X- (in soln) 


and the equilibrium constant is the product 
of the activities (approximately, of the con- 
centrations) of M+ and X- in solution, the 
activities of solids being taken arbitrarily as 
unity; this equilibrium constant is known as 
the solubility product of MX at the tem- 
perature chosen. For a salt of formula MX,, 
the solubility product is [M+] [X-?, and so 
on. Since [M+] and [X-] are proportional to 
the amount of dissolved salt, we see that the 
relation between solubility and solubility 
product depends on the formula of the salt 
concerned. 

One feature of discussions of solubility 
which calls for particular comment is the use 
of the term ‘insoluble.’ Most chemists tend 
to describe as ‘insoluble’ any substance 
which dissolves in a liquid to the extent of 
less than about lg in 1,000 g of solvent. 
Silver chloride and cupric sulphide, for 
example, are by this criterion insoluble in 
water. Their solubilities, 10-5 and 10-22 
§-formula-weight per litre, and solubility 
products, 10-19 and 10-44 (g-ion/litre)?, at 
25°, however, are very different, and (as will 
he seen later) from the point of view of the 
energy change which would be involved in 
getting a g-formula-weight of solute into 
aqueous solution there is very much more 
difference between silver chloride and copper 
sulphide than between silver chloride and 
sodium chloride, the solubility of which is 
0-62 g-formula-weight per litre at 25°, 

We must now see why it is important to 
know something about such energy changes. 
It is well known that there are several forms 
of energy, such as mechanical, electrical, 
chemical and thermal energy. All forms of 
energy can be converted into heat, but the 
converse is not always true, and this has led 
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to the division of the total heat content (4) at 
absolute temperature T' of a system into two 
parts: that part which can be converted into 
other forms of energy without change of 
temperature is known as free energy (G), 
whilst the part which is not convertible 
(H — G) is defined as the product of the 
absolute temperature and a quantity called 
the entropy (S) of the system. Thus 


BiG gS 


or, for a change taking place at constant 
temperature 7’, 


AH — AG + TAS 


The quantity S may also be iooked at in 
another way, as a measure of the degree of 
randomness of the system. This aspect may 
be illustrated by considering what happens if 
we mix equal quantities of hot and cold 
water: the resulting liquid all has the same 
temperature, and instead of there being 
molecules describable as belonging to one 
of two different categories, all are now mixed 
up—the randomness of the system has 
increased. At the same time, although no 
heat has been gained or lost, the possibility 
of using the system to obtain electrical energy 
by putting thermocouples in the water at 
different temperatures has disappeared. Gain 
in entropy is therefore accompanied by a 
corresponding loss in free energy if there is 
no change in the total heat content of the 
system. Just as every substance has a 
standard heat of formation, it has also a stan- 
dard free energy of formation and a 
standard entropy, and from tables of such 
quantities (whieh may be determined inde- 
pendently by a variety of methods) it is 
possible to compute changes in them for 
different reactions, 

The very existence of endothermic (heat- 
absorbing) processes which take place spon- 
taneously (e.g. the dissolution of most 
substances in water) is a proof that it is not 
the change in heat content (AH) which 
determines how far a reaction goes, i.e. its 
equilibrium constant. This quantity is the 
free-energy change, which is therefore a 
quantity of the greatest importance through- 
out chemistry. It is not essential in obtaining 
some understanding of the significance of the 


concept of free energy in chemistry to master 
the numerical form of all the relationships 
involved, but one such relationship is of out- 
standing importance: if a reaction is carried 
out on a very small scale (say, one-millionth 
gram-formula quantities) in the presence of 
all the reactants and products at unit 
activity, and the free-energy change is 
multiplied (in this case by a million) to give 
the so-called standard free-energy change, 
AG, the latter is related to the equilibrium 
constant for the reaction by an equation of 


the form 

—AG° = RTIn K 
where K is the equilibrium constant expressed 
in suitable units, Ris the gas constant, T' the 
absolute temperature, and In denotes loga- 
rithm to base e, or 2:3 logie. Substitution 
of the values of R and T leads (for T = 25°C) 


to the equation 
— AG? (in keal) = 1:36 logio À 

ial feature of this relationship which 
s that it is an exponential 
one. Since it is the logarithm of the equili- 
brium constant that is related to —AG*, a 
small change in the latter quantity makes a 
large difference to how far a from 
goes; a change of 4 keal in AG, in fact, alters 
K by a factor of a thousand. In the case o 
an ionic solid dissolving in water, the energies 
of interaction of the ions with one another in 
the solid and with water molecules in solution 
are both very large, and it is the small 
difference between these two large quantities 
(neither of which may be accurately known) 
which determines the magnitude of the 
solubility product (the equilibrium constant) 
and hence of the solubility : this is why the 
caleulation of solubilities of salts from thermal 
data presents such a formidable task. - 

This competitive picture of the disso ution 
of salts may now be generalized to include all 
processes ofsolution. There will always be an 
increase in the entropy of the system when 
two constituents mix to form a solution, 
e increase in randomness, and 
re is no heat of solution this 
entropy provides the driving force 
for the dissolution: such a case Is illustrated 
by many pairs of organic liquids, which are 
freely soluble in one another without absorp- 


The spec 
must be noted i 


because of th 
ses where the 


in ¢ 
increase in 
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tion or liberation of heat (if AH = 0, AG = 
—TAS). Usually however, it will be 
necessary to consider heat terms as well as 
entropy terms, and to what extent a solute A 
will dissolve in a solvent B will then be deter- 
mined largely by the difference between the 
energy of interaction of A with B and the 
energies of interaction of A with A, and B with 
B. Looking at the problem in this way, we 
see that whether A dissolves in B depends 
just as much on the properties of the solvent 
as on the properties of the solute: hydro- 
carbons, for example, dissolve only very 
slightly in water, not because of strong attrac- 
tion between hydrocarbon molecules in pure 
hydrocarbons but because of the hydrogen 
bonding between molecules in liquid water: 
the C-H. bond is much less polar than the 
O-H bond, and hence bonds of the latter 
type interact with one another preferentially. 

We shall now discuss some different types 
of solution to illustrate the relative impor- 
tance of heat and entropy terms in deter- 
mining the position of equilibrium. 


SOLUTIONS IN GASES 

Since the molecules of an ideal gas exert no 
force of attraction on one another, a gas as a 
solvent offers no resistance to dilution with 
another substance: there is always a positive 
entropy of mixing, and the position of 
equilibrium is determined largely by the 
amount of energy needed to separate the 
units present in the structure of the solute. 
If this is another gas, a negligible amount of 
energy is needed, and hence all gases are 
completely miscible. If it is a liquid or a 
solid, the latent heat of vaporization or 
sublimation must be absorbed in order to 
transform it into the vapour phase; this then 
mixes freely with the gas, which is considered 
to be the solvent. The influence of tem- 
perature is thus confined to its effect on the 
yapour pressure of the solute, and solubilities 
of liquids and solids in gases always increase 
with rise in temperature. 

Occasionally there is evidence for specific 
interaction- between a gascous solvent and a 
solid solute; some metal oxides (e.g. BeO) are 
significantly soluble in compres d steam at 
high temperatures owing to hydroxide 
formation. 
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SOLUTIONS OF GASES IN LIQUIDS 


Solubilities of gases in liquids are usually 
cited as absorption coefficients, as has been 
mentioned earlier; since, however, by Avo- 
gadro’s law the number of moles of a gas is 
proportional to its volume at standard tem- 
perature and pressure, the absorption co- 
efficient is evidently proportional to the con- 
centration in moles per litre. One of the 
difficulties which arises in the interpretation 
of absorption coefficients (and, indeed, of 
many other solubility data) is that the 
analytical methods employed in their deter- 
mination do not reveal the chemical form in 
which the solute has dissolved. It may 
reasonably be supposed that nitrogen and 
oxygen dissolve unchanged, for they are 
sparingly soluble in all solvents: but hydrogen 
chloride in water is largely converted into 
hydrated H40* and Cl- ions: the fact that 
2M ammonia solution has quite a strong 
odour, whereas 2m hydrochloric acid is 
odourless, indicates that for ammonia the 
degree of interaction with the solvent is 
smaller. All very soluble gases do, in fact, 
undergo chemical change to an appreciable 
extent in the solvents in which they are very 
soluble. 

The solubility of a gas at a given tem- 
perature is proportional to the pressure 
(Henry’s Law). If», and n are the numbers 
of moles of solvent and gas in the saturated 
solution at pressure Pz of the gas, 

nafn, = kp, 
If the gas is not very soluble, n, is much 
smaller than n,, and n, is then nearly equal 
to m + n, so that Rol(n + n) = xy = kps, 
where x, is the mole-fraction of solute in the 
saturated solution. Now if we think of the 
solvent as non-volatile, Pa becomes the 
vapour pressure of the volatile solute 
present in mole-fraction x, in the solution. 
If Henry’s Law applies over the whole con- 
centration range from pure solvent to pure 
liquefied solute, then when T, is unity ps 


becomes p,°, the vapour pressure of the pure 
solute, so that k = 1/p,°. Hence 


Ta = Palpa? OF Py = xypy 


This is, of course, Raoult’s law for a liquid 
mixture. With its aid we can calculate the 
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ideal solubility of any gas if the vapour 
pressure above its liquid is known at that 
temperature (i.e. if it is below its critical 
temperature) At 25 C, for example, the 
vapour pressure of pure liquid ethane is 42 
atm; if p, = l atm, x, = 1/42 = 0-024 mole- 
fraction. For gases above their critical 
points the hypothetical vapour pressure of the 
liquid can be estimated (from the Clausius— 
Clapeyron equation) on the assumption that 
the heat of vaporization remains constant: 
in this way it can be shown that the ideal 
solubility of nitrogen should be about 10-3 
mole-fraction. 

These calculated values, it should be noted. 
apply to any solvent so long as the solutions 
show ideal behaviour; the actual values for 
ethane and nitrogen in solvents such as 
hydrocarbons and carbon tetrachloride are 
about 0-018 and 6 x 10-4 mole-fractions. 
respectively, showing that there is some 
departure from ideality. It is, however. 
very striking that so simple a treatment leads 
to a result which is in error by less than a 
factor oftwo. When water is the solvent this 
is not so, for the intermolecular attraction in 
liquid water complicates the picture by 
making all gases which dissolye in molecular 
form much less soluble than they are calcu- 
lated to be; the gain in entr 
offset by the work which has to be done 
against this intermolecular attraction in 
forcing molecules of solvent apart. Water is 
the outstanding example of a polar solvent 
with strong intermolecular attraction, but 
nitrobenzene, aniline and ethanol also show 
this behaviour to some extent; another 
manifestation of this in the case of ethanol is 
the fact that its boiling point is 100° higher 
than that of dimethyl ether, which has the 
same molecular weight, 

The inverse dependence 
particular temperature 
other features of the s 
Since the pressure above 
gases with relatively high 
such as butane and carb. 
more soluble in all soly 
gen, Oxygen, nitro, 


opy of mixing is 


e of x, on p? at a 
also explains two 
olubility of gases. 
the liquid is less for 
boiling points, gases 
on dioxide are much 
ents than are hydro- 
gen and carbon monoxide. 
Furthermore, Since for any gas p,? increases 
with increase in temperature, the solubilities 
of all gases decrease with rise in temperature. 


The latter conclusion may also be reached by 
Le Chatelier’s principle: dissolution of a gas 
in a liquid may be considered as involving 
first the condensation of the gas, followed by 
mixing of the two liquids; since the con- 
densation stage is accompanied by liberation 
of heat, lowering the temperature will cause 
more gas to dissolve. 


SOLUTIONS OF LIQUIDS IN LIQUIDS 
Mixtures of two volatile liquids which are 
miscible in all proportions are in many ways 
like solutions of gases in liquids. If in the 
preceding solution pj is less than 1 atm at 
25° and the phase designated the solvent has 
vapour pressure, we have a 
typical binary liquid system. Each liquid in 
such a mixture exerts a vapour pressure equal 
to its mole-fraction times its vapour pressure 
in a pure state at the same temperature 
(Raoult’s Law); solutions for which this law 
holds are called ideal solutions, and typical 
examples are usually mixtures of very similar 
substances such as ethyl bromide and ethyl 
iodide, or benzene and toluene. It would be 
rather surprising if there were many pairs of 
liquids which obeyed Raoult's law exactly, 
since the existence of a substance in the 
liquid phase at all is a proof of the goes 
of quite strong intermolecular attractions 
seg A of vaporization. When an ideal 
solution is formed from two liquids there is 
no change in heat content; the driving force 
towards mixing is provided by the increase 


in entropy. 
There are, 


an appreciable 


of course, many pairs of liquids 
which are miscible in all proportions to yield 
mixtures which show deviations from 
Raoult’s law, €.g. diethyl ether and qp 
heptane and ethanol, ethanol and water, 
perchlorie acid and water. These eec 
arise from the differences in properties of the 
à and in some cases 


constituents of the pairs, Le 
there are appreciable heats of mixing. The 


: s 
nature of these deviations from Raoult’s law 


is, however, of minor interest in connection 
s, ] 


with solubility, and will not be discussed 


further here. 

When two liquids ar 
members of the pairs 
miscibility usually occurs, 


e less similar than the 
cited above, partial 
if a little phenol, 


an be overcome only by supplying. 
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aniline or ether, for example, is added to 
water, it dissolves, but further additions soon 
result in the formation of two layers, one a 
saturated solution of the organic compound 
in water, and the other a saturated solution 
of water in the organic compound. Similar 
behaviour also results with aniline and n- 
hexane, or methanol and carbon disulphide. 
Greater difference in nature (e.g. water and 
carbon disulphide, ethanol and mercury) 
results in immiscibility. The miscibility of 
liquids is often discussed in terms of their 
internal pressures, which may be regarded as 
measures of the dependence of internal energy 
on volume, i.e. of the strength of the cohesive 
forces. These may be estimated roughly by 
several methods, tvpical values at ordinary 
temperature being: hexane, 2,000: carbon 
tetrachloride, 3,500: phenol, 5,000: water, 
16,000 atm. Increasing difference in internal 
pressures leads to decreasing solubility; 
increasing temperature overcomes the co- 
hesive forces, and many pairs of partially 
miscible liquids become completely miscible 
at higher temperatures. 

The observant reader will have noticed 
that no question of absorption or liberation 
of a heat of fusion or vaporization arises in 
the dissolution of one liquid in another; the 
overall heat of solution is therefore nearly 
always small and arises from different 
degrees of non-ideality in the liquids con- 
cerned. Clearly, entropy considerations play 
an important part: but it cannot be said 
that at the present time there is any simple 
theory which deals satisfactorily with all of 
the great variety of behaviour found in 
liquid-liquid systems. 


SOLUTIONS OF SOLIDS IN LIQUIDS 


Three types of solid will be considered in 
the following discussion: those having mole- 
cular, macromolecular and essentially ionic 
structures. 

In molecular solids the shortest distances 
between atoms in different molecules are 
about twice the interatomie distances within 
molecules; the intermolecular bonding is 
weak, as is shown by the low heats of sublima- 
tion. Among substances which crystallize 
with molecular structures at the ordinary 
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temperature are iodine, mercuric chloride and 
nearly all organic compounds. 
Macromolecular structures, such as those 
of diamond, silica and red phosphorus, con- 
tain no discrete molecules: strong covalent 
bonds extend through the structure in two or 
more directions, and it is only with great 
difficulty that the lattice can be broken up. 
Tonic solids contain symmetrical arrange- 
ments of charged ions held together by 
electrostatic bonding, the energy of the 
lattice relative to isolated ions at infinity 
being proportional to l/(r.--r ), where 
(r+ +r_) is the sum of the ionic radii, i.e. 
the interionie distance. Although salts have 
very high heats of fusion and vaporization, 
the ions are strongly attracted by polar 
molecules (especially water) and solvation 
energies of ions are sometimes greater than 
lattice energies of salts containing them. 

If a molecular solid is melted (thereby 
absorbing the latent heat of fusion), the 
resulting liquid may form an ideal solution 
with a solvent; when this is so, the heat of 
fusion is equal to the heat of. solution, and it 
can be shown by a rather lengthy thermo- 
dynamie argument (which will not be repro- 
duced here) that the ideal solubility under 
constant pressure is given by 
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where 7’ is the temperature at which the 
mole-fraction of the solute in the solution is 
x, L, is the molar heat of fusion of the solid, 
and To is its melting point. This equation 
may, for example, be used to calculate the 
ideal solubility of naphthalene in any solvent 
as 0°31 mole-fraction at 25°C. The solubili- 
ties in benzene, toluene, chlorobenzene and 
chloroform (all of which are non-polar 
liquids having internal pressures similar to 
that of liquid naphthalene) are all close to 
this value; those in aniline and acetone agree 
less well: in water, naphthalene is very 
sparingly soluble, since the strong attraction 
of water molecules for one another (made 
manifest in the high boiling point, entropy of 
vaporization, and internal pressure of water) 
serves to exclude molecules of the non-polar 
solute. It is, in fact, the abnormal character 
of water which is responsible for the low 
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solubility of most organic compounds in it: 
the organic compounds which are soluble in 
water all contain groups such as hydroxyl, 
carboxyl or sulphonyl, which can interact 
with water molecules as strongly as the latter 
interact with one another. Typical com- 
pounds in these classes are low-molecular- 
weight alcohols and acids, polyhydrio alcohols 
such as sugars, and soaps. 

For a macromolecular 


case, however, the lat 
extremely high and he: 
solvents is extremely 

For ionic solids the 


| à position 
is determined main] la 


f equilibri 
y by the na] quilibrium 


Na+ and Cl- 
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practice, therefore, empirical meth nents in 
large part in obtaining values jue iod a 
energies. The importance of the (1__ n Vation 
however, is very great, for it le) term, 


S 3 Mean, 
in solvents of high dielectric const ae! 
1 the 


€ expression 


sum of two solvation energies approach the 
lattice energy of the solid. Hence salts, if 
they dissolve at all, will normally do so only 
in media of high e, such as water, ammonia, 
nitromethane and dimethylformamide. The 
few salts that dissolve in organic solvents of 
low dielectric constant (e.g. ether) nearly 
always contain very large ions and have 
verv low lattice energies; tetrabutylam- 
monium picrate is an example of such a 
compound. co 
The fact that the lattice energy of an ionic 
solid depends inversely on r+ +r- taken 
together, whilst the sum of the solvation 
energies is proportional to 1r + l/r- taken 
separately, has other instructive conse- 
quences. For a set of compounds having the 
same structure and r- > T+ the lattine 
energies change little with increasing 7; 
1/r_ is constant and very small, qu lr. 
decreases rapidly with increase in Bye : ence 
solubilities decrease as 7+ mere: ws i 
what happens among, for example, : 1e à x 
metal chloroplatinates or cobaltinitrites oi e 
alkaline-earth metal sulphates in h pros 
Insolubility in water thus need not denote 


covalent character ; there is, for example, not 


the slightest evidence w bar Aa 
bonding between the metal and he 5 
in calcium | fluoride, se pel oe E e 
otassi chloroplatinate 1s ne 
Pun du npe the same a“ a 
sodium ion, and silver fluoride "d freely 
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difference in solubility in water between silver 
fluoride and silver chloride. 

The foregoing account of the solubility of 
salts has been based on an electrostatic model 
for the solvated ion in solution, the charge on 
the ion interacting with the uneven charge 
distribution in the water or other solvent 
molecule. There is sometimes, however, very 
strong evidence that the solvation process is 
not a simple electrostatic one. Thus when a 
paramagnetic Co?* ion is hydrated, it becomes 
diamagnetic, showing that an electronie re- 
arrangement has taken place. When 
Cr(H,0)$$+ ions from chrome alum dissolve in 
180-labelled water, it is found that no 
exchange with water from the alum takes 
place during several hours; evidently the 
water attached to the cation is not free to 
exchange, a fact which again suggests covalent 
bonding. Finally, the highly specific inter- 
action between salts of a few metals and 
organic liquids, e.g. the solubility of silver 
fluoroborate (which has the same structure 
as potassium fluoroborate) in benzene and 
toluene, indicates covalent interaction of a 
rather special kind, in this case between the 
aromatic compound and the silverion. In all 
these cases, however, it should be remembered 
that the position of equilibrium is determined 
by the difference between the lattice energy 
of the solid and the magnitude (not the 
nature) of the interaction between ions and 
solvent: it is the magnitude of the free- 
energy change which determines how far the 
process of dissolution goes. 


SOLUTIONS IN SOLIDS 


The characteristic feature of a solid is that 
it contains atoms, molecules or ions occupy- 
ing particular positions in a rigid structure. 
When the solute can be accommodated in the 
solvent lattice without appreciable change, 
the formation of a solid solution takes place 
readily: examples are provided by p-dichloro- 
benzene and p-dibromobenzene, potassium 
chloroplatinate and potassium bromoplati- 
nate, magnesium oxide, MgO, and lithium 
ferric oxide, LiFeO, (Mg?*, Lit and Fe3+ are 
the same size, and the average charge on Li+ 
and Fe?* is the same as on Mg?*), and silver 
and gold. In such cases, there is a negligible 
change in heat content when a solid solution 
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is formed. Gases and liquids, on the other 
hand, are seldom very soluble in solids: the 
fact that they are gases and liquids implies a 
simple molecular structure in their solid 
phases, and solubility is then to be expected 
only in elements or compounds crystallizing 
with similar simple molecular structures, 
For a gas or a liquid to dissolve in a solid 
requires work to be done in forcing apart the 
units in the solid structure and, since the 
interatomic, intermolecular or interionic 
forces in solids are relatively strong, this 
energy factor militates against solubility. 
Gases usually interact with solids only to the 
extent of forming a monolayer held by 
surface forces and a weakly held layer, only 
a few molecules thick, on top of this. Where 
the solubility is appreciable, as in the case of 
hydrogen in palladium and other metals, 
strong chemical bonding must be involved to 
compensate not only for the work done in 
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expanding the metal lattice, but also for the 
energy needed to break the strong bonds 
(103 keal/mole) in hydrogen, which is present 
in the solid phase as single atomic units. 


CONCLUSION 


The positions of all equilibria are deter- 
mined by thermodynamic factors. When 
solute and solvent are in the same physical 
State, the increase in entropy on mixing 
ensures solubility so long as (i) in the case of 
liquids, they do not differ too widely in their 
properties and internal pressures; (ii) in the 
case of solids, they have the same structure 
and, if ionie, contain ions of Similar sizes. 
For other cases, heats of vaporization or 
fusion are involved as well as entropies of 
mixing. In all cases, however, the key to 
the interpretation of solubility lies in the 
evaluation of the free-energy change which 
accompanies the process of dissolution. 


Reprinted from Bulletin de l'Union des Physiciens, 1964, pp. 435-450. 


Nos lecteurs trouveront ci-dessous l'article de notre 
collègue Fairbank sur les acides et les bases selon la 
conception de Brónsled ; cet article développe une inter- 
vention orale faile lors de notre réunion du 25 avril. 
S'appuyant sur son expérience des classes secondaires, 
notre collègue préconise l'introduclion des idées de 
Brénsted dés un niveau élémentaire. Dans un article que 
j'avais précédemment publié dans notre bulletin n° 468 
(page 337 et suivantes), j'avais émis quelques réserves con- 
cernant la communication des conceplions de Brénsted 
aux élèves des classes du second cycle ; je demandais 
alors aux professeurs plus compélenis que moi-même à 
ce sujel de nous donner leur avis. Voilà qui est fait et fort 
brilamment ; j'avoue que j'ai été parfaitement convaincu 
par les arguments de Fairbank el je dois avouer que j'en 
suis très heureux. 


P. MARCK. 


Acidité et basicité au sens de Bronsted 
dans l’enseignement du second cycle 


Les conceptions de Brónsted en matière d'acidité et 
de basicité sont de plus en plus utilisées de nos jours, 
dans les laboratoires de recherche, dans l'enseignement 


supérieur, dans les classes préparatoires aux grandes 


écoles. 

A la suite de la réunion du Club Pédagogique de 
l'U.D.P. au Jycée Louis-le-Grand à Paris, le 25 avril 1963, 
et de différents articles du bulletin (1), se pose alors la 
question de la possibilité et surtout de l'utilité d'un usage 
de ces notions dans les classes du Second Cycle. C'est ce 
probléme que nous examinerons ici. 

Depuis l'introduction dans les programmes de 1", 
en 1957, de la théorie des ions, les définitions suivantes, 
appelées couramment définitions d’Arrhénius, sont géné- 
ralement adoptées pour les acides et les bases 


Un acide est un corps capable de fournir des ions H+. 
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Une base est un corps capable de fournir des ions OH-. 
De telles définitions entrainent avec elles tous les avan- 
tages des exposés fondés sur les conceptions ioniques 
les propriétés d'un corps (électrolyte) sont celles de ses 
ions. Mais précisément, un cours sur les acides (ions H*), 
ou sur les bases (ions OH"), ne sera pas dans sa forme 
trés différent d'un cours sur les sels de zinc (ions Zn“) 
par exemple, ou sur les sulfates (ions SOs). Or il y a 
dans les notions d'acide et de base quelque chose de plus, 
et que les définitions précédentes ne mettent pas en évi- 
dence : leur caractére antagoniste et complémentaire, leur 
caractére conjugué, dü à leur réaction fondamentale de 
neutralisation réciproque. 

La premiére idée, essentiellement pratique et expéri- 
mentale que les éléves se font des acides et des bases, 
est une idée unitaire. En 2"*, lors du cours sur l'oxygène, 
et en travaux pratiques, c'est par leur action sur les indi- 
caleurs colorés qu'acides et bases sont provisoirement 
définis ; et la réversibilité de cette action impose irré- 
sistiblement l'idée que l'un est le contraire de l'autre, 

Dans l'échelle des pH, on évalue aussi bien l'acidité 
que la basicité, comme avec une seule échelle de tempé- 
rature on évalue le « chaud » et le « froid ». 

La notion d'acidité et de basicité est donc bien une 
notion unitaire ; c'est la premiére notion intuitive que 
s'en font les éléves ; c'est à quoi ont abouti rationnelle- 
ment les conceptions théoriques ; c'était déjà l'idée que 
s'en faisaient les chimistes du 18" siécle, définissant les 
acides « des corps raides longs, pointus, tranchants, et 
fout à fait propres à s'insinuer dans des espèces de gaines 
ou de corps poreux el spongieux qu'on nomme alkalis » 
ct inversement les bases ou alkalis comme « des corps 
poreux et spongieux dans lesquels comme dans autant 
d'espèces de gaines vont se loger des corps raides longs, 
pointus el tranchants qu'on nomme acides ». Même la com- 
paraison pédagogique n'est pas oubliée : « Pour donner 
une idée sensible des uns et des autres, on a coutume de 
comparer un acide fermé dans son alkali à une épée que 
l'on a fait entrer dans son fourreau ». (2) 

C'est dans ce courant intuitif et naturel (3), aussi tra- 
ditionnel que moderne, que nous replace la théorie de 
Brénsted en énoncant simplement 


Un acide est un corps capable de fournir des ions H+. 
Une base est un corps capable de fixer des ions H*. 


On a là toute la théorie de Brónsted, il n'y a rien de 
plus... sinon à utiliser ces définitions. 
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I. Acides classiques. 


Tous les acides au sens traditionnel du terme le seront 
au sens de Brénsted, ce qui est assez naturel puisque la 
définition de Brünsted coincide avec la définition 
d'Arrhénius. 


II. Bases classiques. 


Toutes les bases classiques le seront encore au sens 
de Brónsted 


Les hydroxydes solubles tels que la soude, parce que 
libérant des ions OH: qui fixent les ions H* dans la 
réaction 

(1) OH- + H* > H, O 


Nuance : au sens classique, c'est NaOH la base ; pour 
Bronsted, c'est l'ion OH- lui-même. Mais en définitive, 
qu'est-ce que la base NaOH ? C'est un ensemble d'ions 
Na* et OH, et qui n'est appelé base qu'à cause de ces 
ions OH”. Alors, ne peut-on continuer à appeler base cet 
ensemble d'ions, puisqu'aussi bien un ion ne peut étre 
pris isolément ? Ce n'est qu'une trés légére extension de 
sens. : 
Seront encore des bases les hydroxydes basiques inso- 
lubles comme Cu(OH): par exemple. Dès l'instant qu'on 


écrira leur réaction avec les acides sous la forme 
(2) Cu(OH): + 2 Ht > Cu* + 2 H:O 


ce caractére deviendra évident, plus évident méme qu'avec 
la définition d'Arrhénius oü il fallait parler d'abord d'une 
progressive dissociation en ions OH, sous l'action de l'eau, 
puis de l'acide. On pourra cependant dire que lion H* 
de l'acide a en quelque sorte « arraché » un ion OH- 
à Cu(OH):, et toutes ces bases au sens traditionnel pour- 
ront étre considérées comme formant une premiére et 
importante famille, celle des hydroxydes basiques ; c'est 
dire que la définition des bases d'Arrhénius pourra con- 
tinuer à élre employée, mais on la posera non comme une 
définition, mais comme une simple conséquence de la dé- 
finition de Brónsted. 


III. Oxydes basiques. 


Reconnaissant le comportement basique de la plupart 
des oxydes métalliques, la nomenclature classique leur 
donnait déjà le nom d’oxyde inique. Da mind du dE 
de Brónsted, ce seront effectivement des’ bases, une seconde 
famille de base. Un oxyde tel que CuO, ne fixe-t-il p: m 
ions H* dans sa réaction sur les acides pas les 
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(3) CuO + 2 H* > Cu* + HO 


L'hydratation d'un oxyde basique soluble, comme Na:0, 
correspond aussi à un tel processus, mais alors c'est l’eau 
qui joue le rôle d'acide 


(4) NaO + 2 H* > 2 Nat + H:O 
(5) 2 H:0 + 2 Ht + 2 OH- 

et en additionnant, on retrouve la réaction classique : 
(6) Na:O + H:0 = 2 Nat + 2 OH- 


IV. Action des bases sur les sels. 


Sous ce titre général, on n’étudiait en théorie classique 
que la seule action des hydroxydes basiques solubles (sou- 
de, potasse). De fait, il s'agissait de propriété de lion OH- 
libre (en quantité suffisante), et c'est pourquoi les hydro- 
xydes insolubles sont sans action. On fera la méme chose 
en théorie de Brónsted, mais ce sera plus net C'est 
l'action de la base particuliére OH- ,et non des bases en 
générale qu'on étudiera. 


V. Le cas de l'ammoniac. 


Il était au fond assez délicat à traiter. L'action de 
l'acide chlorhydrique sur l'ammoniac, en phase gazeuse (4) 
s'écrit : 

(7) HCl + NH; 5 NH, Cl 
Ce n'élait pas l'aclion d'un acide sur une base. 

Mais en solution aqueuse tout changeait : 
admettant d'abord, (8) NH; + H:O + NH, OH 
on écrivait : (9) HCl + NH, OH > NH, CI + H:O 
et cette réaction (9) était bien l'action d'un acide sur une 
base. Or, en additionnant (8) et (9), on retrouvait (7) ! 
Par ailleurs, si la réaction (8) apparaissait justifiée au 
point de vue expérimental par la nécessité de donner 4 
l'ammoniaque une formule d'hydroxyde basique, les causes 
théoriques d’une telle réaction restaient mystérieuses. 


En théorie de Brónsted, tout s'éclaircit : La réaction 
(7) est considérée comme l'action d'un acide sur une base. 
En effet, l'acide HCl a bien fourni un ion H'*, et la base 
NH; l'a fixé, devenant l'ion NH,*, qui reste uni par liaison 
ionique à lion CI. En solution aqueuse, du fait de la dis- 
sociation ionique de HCI et de NH, Cl, on écrira simple- 
ment : 


(10) NH; + H* 5 NH: 


mais l'identité des réactions (7) et (10) n'en sera pas 
moins évidente. 
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Quant à l'action de la solution aqueuse d'ammoniac 
(’ammoniaque) sur les sels métalliques, elle ne soulévera 
aucune difficulté, bien au contraire : On dira que l'am- 
moniac NH; de par son caractère basique peut « arra- 
cher » des ions H* à l'eau pour former lion NH*, tout 
comme elle l'avait fait à la molécule HCl en phase gazeuse 
dans la réaction (7), et cette analogie est d'autant plus 
exacte que les liaisons dans HCl gazeux et dans H:O sont 
on le sait, partiellement covalentes, partiellement ioniques. 
On écrira donc finalement l'équation 


(11) NH; + H:O = NH. + OH- 


ct l'apparition des ions OH- justifiera l’action de l'ammo- 
niaque sur les sels. Dans la mesure oü les éléves s'éton- 
neront de la réaction (11), on pourra plus facilement leur 
expliquer qu'elle n'est que partielle, que progressive, d'où 
le caractère de « base faible > de ammoniac NH, ; tout 
ceci sans avoir besoin de soulever à propos de la réac- 
lion (11) qui est réversible, le probléme délicat des dépla- 
cements d'équilibre. On pourra aussi « laisser remar- 
quer » que l'eau, dans une telle réaction joue le róle 
d'acide. Finalement, on voit qu'on n'aura guére à parler 
de molécule NH; OH. Il est probable que les solutions am- 
moniacales correspondent à un équilibre complexe d'ions 
(NH, H*, OH") et de molécules (NH; NH, OH, H:0). On 
ne peut parler de tout à la fois. La théorie classique était 
centrée sur NH, OH. Un exposé à la Brónsted permet de 
s'en passer, et est centré sur la seule molécule NH; C'est 
une simplification. 


V. Hydrolyse des sels (5). 


Il est difficile de passer sous silence l'acidité ou la 
basicité aux indicateurs colorés des solutions salines tant 
le phénoméne est courant, banal, frappant : La solution 


.— pleue — de sulfate ou de nitrate de cuivre (pH — 4) 
rougit un papier tournesol bleu. La solution de carbonate 
(neutre !) de sodium (pH = 11,5) rougit magnifiquement 


la phtaléine du phénol. Les solutions de chlorure, de sul- 
fate, de nitrate ferrique sont plus acides que l'acide acé- 
tique (pH — 2). Quant au carbonate acide (hydrogéno- 
carbonate) dc sodium, on sait que sa solution à « scan- 
daleusement » un léger caractère basique (pH = 8,5) 
rosissant faiblement la phtaléine. Dans quel abime de per. 
plexité ne plongeait-on pas l'esprit des élèves ! Surtout 


avec les explications réduites qu'on pouvait leur donner, 


distinguant subtilement entre sel acide, et sel neutre à 
réaction acide avec certains indicateurs colorés, sel ba 
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sique, et sel neutre à réaction basique avec certains indi- 
cateurs colorés, ce qui impliquait d'ailleurs la non Spé- 
cificité des indicateurs colorés pour les acides et les bases. 


A) Sels à réaction basique. 


Soit un acide HA susceptible de se dissocier en ions 
H* et A^. Si l'acide est fort, il se dissocie totalement, c'est- 
à-dire qu'il cède ses ions H* facilement. Si l'acide est 
faible, il ne se dissocie que faiblement, il ne céde ses ions 
H* que difficilement. Réciproquement, si nous considérons 
les anions A, ils auront tendance à se combiner avec les 
ions H* (propriété basique) dans le cas d'un acide faible, 
alors que cette tendance sera inexistante dans le cas d'un 
acide fort (aucune propriété basique). 

Si nous prenons donc des anions A- d'acide faible sé- 
parés de leurs ions H+, en utilisant par exemple le se] 
de sodium NaA, à l'àdjonction des ions H* d'un acide, 
c’est la réaction 

(12) A + Ht = HA 
qui se fera. 

Exemple : Une solution d'hélian 
un acide est ramenée au jaune par un 
de borate, ou de carbonate de sodium 

Si les ions A~ sont en la seule présence des molécules 
d'eau, leur caractère basique pourra étre assez fort pour 
qu'ils arrachent des ions H* aux molécules d'eau selon : 

(13) A + H-O > HA + OH- 
(c’est la classique réaction d'hydrolyse 
un schéma plus général). 


thine rosie (6) par 
e solution d'acétate, 


» mais intégrée dans 


Exemples : Une solution de carbonate de sodium 
Na: CO; (pH = 11,5) rougit énergiquement la phtaléine, 
une solution de borate de sodium (pH = 10) la rougit 
aussi, mais, un peu moins bien, une solution d'acétate 
de sodium (pH — 7,5) est sans action 


Dans le cas des ions 'acétate et borate, on pourra 
se borner à utiliser le symbole A- sans préciser ; mais, 
pour l'ion carbonate COs, il faudra expliciter les réac- 
tions (12) et (13). C'est la 2° acidité de l’acide carbonique, 
extrêmement faible, qui entraine pour Pion carbonate 
CO: un caractère basique relativement fort. On écrira 
donc : 

(12 bis) CO + Ht > HCO, 

(13 bis) CO: + H:0 > HCO; + OH- 


Notons que la réaction (12 bis) explique nalurelle- 
ment la redissolution de CaCO. par un excès de CO: ou 
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par un acide en solution très diluée (sans dégagement 
de CO:), alors que dans les exposés traditionnels, c'était 
une exception à la régle de Berthollet 


(14) CaCO; + H* > HCOs + Ca* 


C'est simplement l'action de Vion H* sur la base CO: ; 
l'apparition d’ions Ca* vient seulement du fait que lion 
CO; n'est pas libre, mais « prisonnier » dans le réseau 
cristallin du carbonate de calcium. 


B) Sels à réaction acide. 


Soit par exemple, du sulfate ferrique : Sa solution 
rougit l'hélianthine. Il faut insister sur le róle de l'eau 
Mettons dans un tube à essais 1 centimétre d'eau distil- 
lée et 2 gouttes d'hélianthine : solution jaune. Jetons-y 
une pincée de sulfate ferrique, la solution reste d'abord 
jaune, puis si on agite légérement le tube, la dissolution 
s'opére, et l'hélianthine vire au rose. Du fait de l'inso- 
lubilité de Phydroxyde ferrique Fe(OH);, Pion Fe** « at- 
tire » d'une manière générale les ions OH, et est capable 
de les « extraire » des molécules d'eau qui l'entourent 


(15) Fe*** + 3 H:0 > Fe(OH); + 3 Ht 


On sent trés bien ici une notion d’acide qui serait « sy- 
métrique » en quelque sorte de celle de Brónsted : Un 
acide est un corps avide d’ions OH-. Mais une telle défi- 
nition finalement ne ferait que compliquer les choses 
si elle devait s'ajouter à la définition de Brónsted. Pour 
conserver ce caractére unitaire qui est le principal avan- 
tage des conceptions Brónstediennes, il suffit de consi- 
dérer comme acide, l'ensemble de l'ion Fe** et des molé- 
cules d'eau voisines. Ce point de vue est d'autant plus 
exact que la plupart des ions en solution aqueusc sont 
hydratés, et que si beaucoup de propriétés peuvent s'ex- 
pliquer sans tenir compte d'un tel phénoméne, il ne sau- 
rait étre question de tout interpréter en le négligeant 
systématiquement. MN 
Pour simplifier, on utilisera l'équation (15), identique 
dans sa forme à la classique réaction d'hydrolyse, mais 
en adoptant le point de vue de Brónsted, c'est-à-dire en 
considérant comme acide lion ferrique hydraté. Bref, on 
négligera le degré exact d'hydratation, mais non le Dhé: 
nomène lui-même (7). 

_ Le cas des sulfate, nitrate, et chlorure d'ammonium 
doit être étudié à part. La solution de chlorure d'am- 
.monium par exemple, est faiblement acide (pH = 5) 
tout comme la solution aqueuse de gaz carbonique elle 
décolore la phtaléine rougie par un minimum de Sene, 
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ou fait virer au rouge vineux le traditionnel tournesol. Or 
si par de telles réactions nous prétendons montrer aux 
éléves le caractére acide de la solution carbonique, nous 
nous linterdisons, nous leur interdisons dans le cas du 
chlorure d'ammonium ! Certes, en évaporant la solution 
contenant soude et gaz carbonique, on peut obtenir un 
nouveau sel, disons le carbonate de sodium si les propor- 
tions sont convenables, et dont on considère l’obtention 
comme le témoignage d'une réaction acide + base. Mais, 
un mélange de chlorure d’ammonium et de soude, en 
solution aqueuse, donne aussi par évaporation un nouveau 
sel, le chlorure de sodium ! 


La théorie de Brónsted considère simplement que 
l'ion NH, est dissocié (partiellement) dans la solution 
aqueuse selon 


(16) | NH; > NH, + H 


bref, que c’est un acide (faible) ; et tout est expliqué 
Le pH acide de la solution, et la véritable neutralisation 
acide base qu'est l'action de la soude (Pion OH) 


(17) NH. + OH- > NH: + H:O 
de la chaux éteinte 


(18) NH + Ca(OH): > NH, + 2 H-O + Ca* 
ou de la chaux vive 


(19) 2 NH. + CaO > NH: + H-O + Ca” 


On pourra remarquer que la réaction (16) est Pinverse de 
la réaction (10), première notion de réaction réversible. Il 
peut sembler délicat d'avoir à considérer ces deux réac- 
tions sans faire appel explicitement à la notion d'équili- 
bre. En fait, il est assez facile de faire comprendre qu'en 
présence d'un acide, c'est (10) qui se produira, et en 
présence d'une base c'est (16) qui aura lieu. 


C) Sels d réaclion neutre. 


Les sels d'acide fort et de base forte, comme NaCl 
par exemple, sont neutres aux indicateurs colorés. La 
théorie de Brónsted interprète ce fait de la facon sui- 
vante : L'acide chlorhydrique HCI est fort, c'est-à-dire 
complétement dissocié. Donc, l'anion CI n'a aucune ten- 
dance à se recombiner avec les ions H', bref n'a pas 
de propriétés basiques. De même, la soude NaOH est 
une base forte, donc, le cation Na* n'a aucune tendance 
à se recombiner avec les ions OH, et notamment n'a 
aucune tendance à arracher des ions OH- aux molécules 
d'eau qui l'environnent pour finalement libérer des ions H*, 
bref n'a aucune propriété acide. 
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Comme on l'a vu en A) plus un acide est fort, plus 
les propriétés basiques de son anion sont faibles. D'une 
manière générale, les anions d'acides forts comme CI- 
SOs“, NO; auront des propriétés basiques infiniment 
faibles. De même, les cations de bases fortes n’auront en 
présence d’eau que des propriétés acides négligeables. En 
somme, c'est le cas limite. 


D) Sels d'acides faibles et de bases faibles. 


On interprétera leurs propriétés à la lumiére des 
exemples précédents. Leurs solutions seront des mélanges 
d'acide (ie cation hydraté), et de base (l'anion). Le plus 
fort imposera son caractére au pH de la solution. Ainsi 
le carbonate d'ammonium aura un pH basique, parce que 
la force de la base (lion CO;7) est supérieur à la force de 
l'acide (lion NH“) comme le montrent immédiatement 
les valeurs des constantes d'équilibre correspondantes. 


Pour conclure cette étude de l'hydrolyse (je préfére 
dire : du pH des solutions salines), je voudrais insister 
sur le fait qu'elle ne représente qu'un essai d'exposé élé- 
mentaire de « l'hydrolyse » selon les conceptions de 
Brónsted, et non un cours à faire nécessairement, et dans 
son intégralité, en 2"* et en 1°. Je n'ai méme pas supposé 
une étude systématique préalable des équilibres (je crois 
qu'on peut s'en passer), d’où l'absence de symbole = dans 
les réactions réversibles. Au maitre d'adapter à sa guise 
son exposé relativement à ce dernier point selon le niveau 
des éléves. 


VI. Les amphotéres, et le cas du « bicarbonate » de 
sodium. 


Les amphotéres traditionnels rentrent naturellement 
dans le cadre de la théorie de Brónsted. L'hydroxyde de 
zinc par exemple, est acide selon : ` 


(20) Zn(OH). = ZnO.- + 2 H* 
ou basique selon 
(21) Zn(OH): + 2 H* 2 Zn* + 2 H.0 


La réaction (20) est infime dans l’eau pure, mais presque 
totale en présence d'une base forte telle que OH, capabl 
« d'arracher » à l’hydroxyde ses ions H* : i j 


(22) Zn(OH): + 2 OH: > ZnO:- + 2 HO 
Mais la théorie de Brônsted introduit une 
1 autr i 
d'amphotère ; nous avons vu que Pent eid culi mius 
de sodium (ou bicarbonate, ou carbonate « acide ») nie 
un pH légèrement basique (pH = 8,5 : la solution i 
i 
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faiblement la phtaléine). Il y a là, dans la théorie clas- 
sique, une antinomie conceptuelle assez choquante (car- 
bonate acide, pH basique), et que la théorie de l’hydrolyse 
ne supprime pas vraiment. 


Or, que dit le « bon sens », indépendamment de 
toute théorie ? Que l'hydrogénocarbonate de sodium est 
encore acide. puisqu'on peut le neutraliser plus avant, 
jusqu'au stade carbonate ; et, cependant, qu'il est basique... 
d'aprés sa réaction à la phtaléine. Or, c'est exactement 
ce que reconnait la théorie de Brónsted, en le considé- 
rant comme un ampholére. 


L'ion hydrogénocarbonate est en effet acide, 


trés 
faible 


(23) HCO; CO; + H* 
soit en présence d'ions OH- en excès : 
(24) HCO; + OH: 2 CO + H:0 
et il est aussi basique, d’après 
(25) HCO; + H* = H.CO; 
d'où en présence d'eau pure jouant le rôle d'acide 
(26) HCO; + H.O = H:CO; + OH- 


Ainsi la contradiction se trouve élégamment résolue, dans 
le cadre de la théorie de Bronsted, par la diacidité faible 
de l'acide carbonique. 


Les mémes explications valent pour les pH basiques 
des solutions aqueuses des sulfures de sodium et de potas- 
sium, dûs à la base S7. 


Elles ne valent pas pour les solutions de sulfate de 
sodium ou de potassium, car les deux acidités de l'acide 
sulfurique sont toutes deux relativement fortes, c'est-à-dire 
que les ions sulfate SO;^ et hydrogénosulfate n'ont qu'un 
caractére basique négligeable. 


VII. Les réactions ioniques en chimie organique. 


Toutes les notions précédentes peuvent être utilisées 
en chimie organique, non seulement pour des corps tels 
que les acides organiques, les phénols simples ou substi- 
tués, les bases aminées, mais encore pour ceux à qui la 
chimie attribue maintenant un mécanisme ionique pour 
certaines de leurs réactions. 


Le mécanisme de l'action de l'alcool éthylique sur le so- 
dium par exemple peut étre analysé comme suit : 


(27) C.H;OH nr C.H;O- + E 
(28) Ya > Nat + e 
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(29) H +e o 3H: 7 

(30) C.H;O- + Na* > C:H;sONa 
Dan la y= (27) Palcool a joué le rôle d'un acide 
acide très faible (pKa = 15,9), plus faibl ê an 
(pK, = 15,74). usus a 
La décomposition de lalcoolate p: y 

a a par l’eau P 
véritable hydrolyse qu'on peut analyser im ROS ee 

(31) C:H;ONa => C.H;O- + Na* 

(32) C:H:0° + H:0 > C:H;OH + OH- 
Cette hydrolyse est ici totale, l'acidité trés faible de l'al 
cool entrainant une basicité trés forte pour l'ion sien. 
late C:H:0°, plus forte que celle de lion OH. La non- 
réaction de l'alcool sur la soude se trouve expliqué du 
méme coup. M FEE 

Considérons maintenant la réaction de l’acétylè 
sur le chlorure cuivreux ammoniacal. Elle peut Poo 
en négligeant le róle de l'ammoniac : "s 

(33) CH: + 2 Cut > C: Cu + 2 Ht 
d'où la mise en évidence d’un caractère acid i 

où d: à l e. Mais c 
acidité est très faible (pKa ~ 26) (8), d'où cue 
lotale des acétylures. E 

VIII. Le róle de l'eau dans la dissociation ionique 

La dissociation ionique était présenté 

) a e com » 
tulat dans les exposes traditionnels. On Wen explicitait 
pas les causes ; ou alors, on disait que la constante diélec 
trique de l'eau ayant une valeur de 80, les forces d'air: 
tion entre ions de signes opposés étaient 80 fois lus 
faibles, ce qui est un peu formel. ES 

L'explication la plus intéressante 4 

€ é à est d ré 
caractére faiblement dipolaire des xc le age ^ 
liaison de covalence entre O et H a un caractére $ Hs i 
lement ionique, c’est-à-dire que le doublet pete 
commun est plus pres de O que de H, bref, tout s Mee 
comme si la molécule d'eau était légérement niaan dr 
côté de l'oxygène, et légèrement positive du côté d pee 
drogènes. nu en résulte vis-à-vis des ions des ce us 
attractions électriques qui tendent à dissocier les i ee 
attractions s'exercent aussi sur les molécules à li piis Ges 
tiellement ionique, comme HCl, d'où alent ine ae 
tion, el sous forme ionique. La dissociation d'u ween 
en solution dans l'eau est done une vérit ide pee B 
une hydrolyse : able réaction, 

(34) HA + HO > A° + H;O* 

H,O* est Pion hydrogéne hydraté (ion hydronium) 
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En effet, l'ion hydrogène étant un simple proton, peut 
s'approcher à très courte distance des molécules d'eau 
qui l'entourent, et les forces électriques sont alors si in- 
tenses (loi de Coulomb), qu’il ne peut rester libre (9), 
et finit par s’y fixer. Les définitions de Brénsted parlent 
en toute rigueur de proton, quand elles l’envisagent dans 
l’abstrait, et dion hydrogène quand elles le considèrent 
dans son état habituel dans l'eau, c’est-à-dire hydraté, 
Pour alléger l'écriture, on n'écrit méme, chaque fois que 
cela est possible, que H* au lieu de H:0*. Mais il importe 
de ne jamais oublier cette hydratation du proton. C'est 
de ce point de vue que l'eau, puisque fixant les protons, 
doit étre considérée comme une base 


(35) H:O + H? > HOt 


Examinons de plus près la différence avec la théorie 
d’Arrhénius : Du point de vue traditionnel, la réaction : 

(36) H-0 = H? + OH- 
donne à leau un caractère amphotère du fait de Pappa- 
rition simultanée d’ions H* (caractère acide) et d’ions OH- 
(caractère basique). Notons d’abord que ce terme d’ampho- 
tère n'est pas tellement heureux ici, car il s'applique géné- 
ralement à des corps qui peuvent présenter une réaction 
où ils se comportent comme un acide, et une autre réac- 
lion où ils se comportent comme une base. Mais un méme 
comporlement n'est pas simultanément acide el basique. 
Du point de vue de Brónsted, l'eau est acide dans la réac- 
tion (36), et basique dans la réaction (35). Une telle 
conception est plus satisfaisante, puisque c'est dans deux 
réactions différentes que l'eau a deux comportements dif- 
férents. Cependant, la réaction (36) nous est plus fami- 
liére que la réaction (35), et nous hésitons à les mettre 
sur le méme plan ; et puis cette fois, la différence avec 
le point de vue traditionnel semble trop grand. En fait, 
c'est notre équation (36) si familière qui traduit incom- 
plétement la réalité. L'eau ne se dissocie pas sans cause 
comme l'implique la réaction (36). Le mécanisme de la 
dissociation ionique de l'eau étant le méme que pour tout 
autre corps ionisable, une équation telle que (36) repré- 
sente une dissociation inexplicable, et inexpliquée si on 
ne fait pas intervenir l'attraction des molécules d'eau 
sur les molécules d'eau, bref si on n'écrit pas au lieu 
de (35) et (36) 

(37) HO + H:0 =  H:0* OH- 
Ce n'est pas H.O qui se dissocie spontanément, c'est une 
premiére molécule d'eau jouant le róle de base, qui « ar- 
rache » un ion H* à une autre molécule d'eau jouant le 
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rôle d'acide. Dans cette réaction unique, nous avons bien 
deux comportements différents des molécules d'eau, défi- 
nissant ainsi un caractère amphotère, et les deux équa- 
tions (35) et (36) ne sont que des équations partielles 
d'un processus global. On retrouve en effet (37) en addi- 
tionnant (35) et (36). 


IX. pH et théorie de Brónsted. 


C'est incontestablement dans le cadre de la théorie de 
Brénsted que l'introduction du pH se fait le plus naturel- 
lement et le plus logiquement. La similitude des deux 
conceplions — l'une qualitative, l'autre quantitative — 
s’affirme dans le rôle primordial qu’elles font toutes deux 
jouer à l'ion H*, dans la basicité comme dans l'acidité. 

Aujourd’hui, le moindre technicien chimiste ou biolo- 
te utilise le pH. Publicité des produits de beauté, infor- 
mations de la presse spécialisée sur les mélanges réfri- 
gérants pour radiateurs d'automobile, popularisent la no- 
tion. Mais nos élèves de 2™, 1° et Math. Elém. continuent 

! 


gis 


de l'ignorer 
Il s'agit pourtant d'une des questions les plus faciles, 
les plus intuitives, les plus passionnantes, les plus forma- 
trices (10) pour de jeunes chimistes ; et c’est bien pourquoi 
les valeurs de pH indiquées précédemment pour diffé- 
rents milieux ne doivent absolument pas étre considérées 
comme des données ésotériques, ad usum magistri, mais 
comme des connaissances classiques élémentaires (11). 


La notion peut étre introduite dés le début du cours 
de chimie en 2"*. lors des premières manipulations. L'étude 
des réactions des deux indicateurs colorés classiques, 
nélianthine et phtaléine du phénol, sur des solutions plus 
ou moins diluées d'acide et de base fortes, et sur des 
solutions d'acides et de bases faibles donnent vite aux 
éléves la notion d'acidité et de basicité plus ou moins 
forte, et surtout une conception unitaire de ces deux no- 
tions. La différence d'action d'un acide borique par exem- 
ple (pH — 5), plus commode à employer que l'acide car- 
bonique, sur l'hélianthine (zone de virage 3,1--4,4) et sur 
la phénolphtaléine (zone de virage 8,3--10) fera compren- 
dre l'utilité d'avoir plusieurs indicateurs, et non un seul 
puis sera éclairée par une définition purement pratique da 
pH : évaluation de l'acido-basicité, variant à peu prés (12) 
de 0 à 14, avec neutralité à 7 (à 20° C). Tout ceci soutenu 
immédiatement par de multiples évaluations de pH de so 
lutions variées, que les plus mauvais éléves arrivent "hs 
vite à faire à 3 unité prés, en utilisant le papier pH uni- 
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versel 1-10, complété simplement par du papier 9,5-13 
pour les bases fortes, et du papier au violet de méthyle 
( O— 2) pour les acides forts (13). Cette première étude 
purement expérimentale des acides et des bases facilitera 
dans le cours sur l’oxygène l'introduction de la distinction 
entre métaux et non-métaux (métalloides), tout en ména- 
geant son caractére relatif. 


L'étude de l'acide chlorhydrique, et de la soude appro- 
fondira sans les contredire ces premiéres notions par 
lintroduction de l'ion H*. C'est alors que modernisant les 
classiques dosages acidimétriques, on pourra faire tracer 
aux éléves la classique courbe de variation du pH lors 
de la neutralisation de 10 cm? d'acide chlorhydrique déci- 
normal par de la soude décinormale en utilisant un indi- 
cateur universel liquide. Bien entendu, on disposera de 
la courbe théorique, tracée sur une feuille de papier mil- 
limétrique, pour montrer aprés aux élèves. L'usage de l’hé- 
lianthine ou de la phénolphtaléine pour un dosage acide 
fort base forte sera ainsi mieux compris. (La méme ma- 
nipulation pourra étre reprise en Math. Elém. pour l'acide 
acétique, les dosages acide faible base forte, et la justifi- 
cation rationnelle de l'emploi de la phtaléine à l'exclusion 
de l’hélianthine). 

Une étape ultérieure (par exemple, lors de l'étude de 
lacide carbonique) précisera la différence entre acidité 
actuelle (pH), et acidité totale (mesurée par les dosages). 
Le pH sera défini mathématiquement, sans qu'il soit néces- 
saire de faire appel explicitement aux logarithmes, en po- 
sant pour la concentration (actuelle) en ion H*, comme 


le fit d'ailleurs Sörensen (14) : Ca* = 1074 , soit en pré- 
cisant : pH = 1 signifie Cat = 10°, pH = 2 signifie 
Cut = 10^? ,etc. On renverra aux cours de mathématiques 


pour l'interpolation des valeurs fractionnaires de pH. 


CONCLUSION 


La théorie de Brónsted est plus traditionnelle que 
la théorie d'Arrhénius, n'étant en définitive qu'un retour 
aux premiers concepts de la chimie, réinterprétés par les 
théories modernes. 

La théorie de Brónsted est plus naturelle, 
est un approfondissement des premiéres idées i 
des élèves. 

La théorie de Brónsted est plus concrète, car elle 
explique les expériences plus rapidement et plus simple- 
ment (par exemple la phtaléine rougie par le carbonate 
de sodium). 


car elle 
Ntuitives 
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La théorie de Brónsted est meilleure, car elle introduit 
plus d'unité dans nos conceptions, ce qui est l'idéal de 
toute théorie. 


Son application (15) peut se faire avec toute la pro- 
gressivité et la prudence désirée, rien n'obligeant à en 
exploiter jusqu'au bout les concepts. On peut méme se 
limiter aux seules définitions, puis en déduire (comme 
cas particulier) les définitions d'Arrhénius et continuer 
selon l'exposé classique. Mais on garde à tout instant la 
possibilité d'élargir les notions. 

Il est donc raisonnable de soutenir que son utilisa- 
tion — à un degré laissé à la liberté de chaque maitre — 
s'impose dés l'enseignement du second Cycle. 


J.C. FAIRBANK, 
Lycée Carnot, Paris. 
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Notes 

(1) Bulletins N° 468 et N^ 470. 

(2) Dictionnaire de physique, dédié au Roi, 8* édition 1781, 
revue, corrigée, et enrichie des découvertes faites dans cette 
science depuis lannée 1773, par M. Aimé-Henri Paulian, 
Prêtre, de l’Académie Royale de Nimes, et de la Société 
Royale d'Agriculture de Lyon (4 tomes). 


Je dois cette trés intéressante référence à notre collégue 
G. Bonjean. 

(3) Le mot « théorie » dans tout cet article sera utilisé au 
sens d'étude théorique comme lorsqu'on parle de la théorie 
des systémes centrés, ou de la théorie de la machine à 


vapeur. 
(4) ou en solution dans le benzéne (Pascal : Traité de Chimi 
Minérale). i 
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(5) Pour cette question la considération du pH des solutions 
clarifie énormément l'exposé. C'est une des raisons qui 
plaident pour l'introduction de la notion de pH dés les 
classes élémentaires. Toutes les valeurs numériques indi- 
quées ont été déterminées avec des papiers indicateurs de 
pH (et vérifiées au moyen des constantes théoriques !). 


(6) Recette pratique pour rosir (avec le minimum d'acide) 
Vhélianthine : Dans un tube à essais ou un verre, mettre 
plein d'eau, et le moins d'acide possible (avec le flacon, 
sans s'embarrasser d'une pipette). Agiter et jeter le tout 
dans l'évier. Sans rincer, remplir à nouveau de la quantité 
d'eau désirée la solution obtenue ne contiendra d'acide 
que la trés faible quantité, déjà diluée, qui mouillait les 


parois. Méme procédé pour rosir avec le minimum de soude 
la phtaléine. 


(7) C'est de la méme manière que les anhydrides (d'acides) 
qui deviennent des acides en présence d'eau seront intégrés 
aux acides (P. Marck, p. 338, P. Provost, p. 614). 


(8) N.S. Wooding & W.C.E. Higginson, Journal of the Chemical 
Society (London). On peut consulter cette revue à la Biblio- 
théque du C.N.R.S. (l'aprés-midi seulement) 13, quai Anatole- 
France, Paris-7*. 


(9) Les calculs théoriques évaluent à 10-?*?.1a concentration 
possible en proton libre ! 


(10) les plus formatrices, car elle oblige les éléves à manipuler 
avec soin et à considérer la chimie comme une science de 
précision, tout comme la physique. 

Les plus passionnantes, car elle s'appuie sur le goüt na- 


turel des éléves pour les réactions avec changement de 
couleur ! 


(11) Article « Le pH dans l'Enseignement du Second Cycle », 
revue l’Information Scientifique (éditions Baillére), N° 4 
de septembre-octobre 1961. 


(12) On sait qu'avec des solutions concentrées d'acide fort on 
a des pH négatifs, et avec des solutions concentrées de 
base forte des pH supérieurs à 14. 


(13) Le commerce fournit de nombreux indicateurs pH, papier 
ou liquide, universel ou par zones, de marques francaises 
ou étrangéres : Prolabo, Kuhlmann, Monnet (40, rue Blan- 
che, Paris-9', pour le papier au violet de méthyle notam- 
ment). 

(14) Bulletin de PU.d.P. n° 469, mars-avril 1963, p. 431 et sq. 
« Réflexions sur la notion de pH » (L. Vareille). 


(15) L'introduction de la théorie des ions en 2° n'exige nulle- 
ment l'étude de la structure de l'atome (la régle de l'octet 
est complétement inutile pour traiter la structure de l'ion 
NO, ou SO,-). La seule notion de charges électriques 
élémentaires (électrons en excés ou en défaut) porté par 
un atome ou un groupe d'atomes suffit amplement, 
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Reprinted from Bulletin de l'Union des Physiciens, 1964, pp. 179-18 


Ammoniac et sa solution dans l’eau 


La molécule d’ammoniac a la forme d’une pyramide 
dont l’azote est au sommet à la distance x — 0,38 À du 


plan des hydrogénes et où l'angle HNA vaut 106°6 
(Fig. 1) (1). La courbe d'énergie potentielle de cette molé- 
cule en fonction de x est caractérisée par un double mi- 
nimum (Fig. 2) ; il y a donc deux configurations d'équi- 


Ta 
\ ua 
E 
B. 
E: T 
* Da 
Energie Potentiell 


€ 


Fig ji —— x 


libre équivalentes et une barrière de potentiel Vo (Vo = 5,9 
kcal. mole 7) entre ces deux configurations. Bien que 
l'énergie de vibration soit inférieure à Vo, le passage d'une 
configuration à l'autre est possible gráce à l'effet tunnel. 
C'est ce qu'on appelle l'inversion de la molécule d'ammo- 
niac ; la fréquence d'inversion peut servir d'étalon dans 
une horloge atomique. 

Lorsqu'on étudie la molécule d'ammoniac par la mé- 
thode des orbitales moléculaires (2), on trouve que l'on 
peut décrire les dix électrons de la molécule comme suit : 
deux forment la couche K de l'azote, six forment les liai- 
sons et deux un doublet libre sur l'azote dont l'orbitale 
correspondante a, pour axe, l'axe Ox de la molécule. Le 
doublet libre qui occupe ainsi une orbitale hybride forte- 
ment dirigée est responsable du moment dipolaire relati- 
vement élevé de la molécule d'ammoniac (u — 1,5 p) 
on peut remarquer que la molécule de trifluorure d'azote 
NF, de méme structure que la molécule d'ammoniac a un 
moment dipolaire de 0,2 D. Dans NH:, le moment süelent 
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des liaisons N-H se trouve dans une direction opposée à 
celle du moment dà à l'orbitale occupée par le doublet ; 
mais le moment dû au doublet est considérablement plus 
grand et le moment de NH; est important. Dans NF; le 
moment résultant des liaisons N-F est beaucoup plus im- 
portant et le moment total de NF; est trés petit. 


Enfin, l'existence de ce doublet explique les propriétés 
basiques de NH; au sens de la théorie de Brónsted, c'est-à- 
dire que NH; peut fixer facilement un proton 


NH; + H* > NH’. L'ion ammonium, ayant la méme 
structure électronique que le méthane, a aussi la symétrie 
tétraédrique comme cela a été montré par des études de 


diffraction des neutrons sur des sels d'ammonium (3). La 
distance N-H vaut 1,03 À. 


Le doublet libre sur l'azote est aussi responsable de 
la formation de liaisons hydrogénes. En effet, quand on 
étudie la forme cubique des cristaux d'ammoniac deutéré 
soit par les rayons X (4), soit par la diffraction des neu- 
trons (5), on trouve que chaque atome d'azote est entouré 
par six atomes d'azote (situés à 3,35 À) auxquels il est 


PIN 


E 
Pi ke 
, 
L 


Les atomes d'azote 1, 2, 3, 4, 5 sont les plus proches de l'azote 
central O. — Fig. 3 (d’après J.W. Reed et PM. Harris 
J. Chem. Phys. 35, 1736 (1961). > 
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lié par liaison hydrogène et six atomes plus lointains, 
situés à 3,88 À (Fig. 3). Ces liaisons hydrogènes sont faibles 
et sont un des rares exemples où les trois atomes compris 
dans la liaison hydrogène ne sont pas en ligne droite; 
en effet, l'angle N-- D--- N a une valeur de 164° + 1,7°. 

Les molécules d’ammoniac peuvent aussi former des 
liaisons hydrogénes avec l'eau. Ceci se voit tout d'abord 
nettement dans la structure cristalline des hydrates de 
l'ammoniac. En effet, NH; forme deux hydrates solides 
NH., H:O et 2 NHs, H:O, tous deux formés à basse tempé- 
rature et qui sont instables. Dans le cristal de NH;, H:O (6), 
les molécules d'eau sont liées par des liaisons hydrogénes 
en des chaînes et les molécules d'ammoniac forment des 
liaisons hydrogènes avec ces molécules d'eau, donnant ainsi 
naissance à un réseau tridimensionnel. 

Il n'y a pas de liaisons hydrogènes entre molécules 
d'ammoniac. 

La structure cristalline de 2 NH; H:O a été étudiée 
à 170* K (7). Le cristal est formé d'un squelette de compo- 
sition NH, H:O, contenant des liaisons hydrogènes ; NH; 
et H-O forment chacun une liaison hydrogène forte où 
la distance N...H-O vaut 2,84 A et trois liaisons plus faibles 
(distances N...H-O = 3,13 À 3,22 A et 3,22 A). La deuxième 
molécule de NH: est attachée a ce squelette seulement par 
une seule liaison N-H-O de type liaison hydrogène (dis- 
tance N-H-O = 2,84 À ). 

Avant ces résultats relativement récents, de nombreux 
auteurs avaient suggéré que la structure cristalline de ces 
hydrates était du type ionique c.a.d. qu’ils étaient formés 
d'ions NH. et d'ions OH. En fait, Waldron et Hornig (8) 
avaient montré que les spectres infra-rouges de ces hy- 
drates sont très proches de ceux de l’ammoniac et de l'eau 
et annoncé que les deux hydrogènes de chaque molécule 
d'eau forment des liaisons hydrogénes. 

Dans le cas de la solution aqueuse de NH;, l'interaction 
entre NH; et l'eau est faible. 

Le spectre infra-rouge de solutions aqueuses d'am- 
moniac ressemble beaucoup à celui de l'ammoniac liquide 
anhydre. On observe simplement de légers déplacements 
des bandes; par exemple, le deuxiéme harmonique de li 
fréquence fondamentale (c.a.d. 3* x.) a les valeurs es 
vantes (9) 1 


NH; liquide 9568 cm! 
solution aqueuse 20 96 9622 cm“ 
gazeux 9688 cm! 
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De même, le spectre Raman (10) de lammoniac en 
solution aqueuse est trés semblable à celui de NH: liquide 
anhydre (vs; = 3310 cm" pour NH, liquide et v y.u = 
3314 cm“ pour NH, en solution aqueuse). 


Ces résultats suggérent la possibilité de formation de 
liaisons hydrogénes; il y a deux possibilités de formation 
de liaisons hydrogénes dans la solution d'ammoniac dans 
l’eau : N-H..O et N..H-O. L'azote est un meilleur accep- 
teur (propriétés basiques de NH.) que l’oxygène et le grou- 
pement OH est un meilleur donneur que NH (11). C’est 
donc uniquement le type de liaisons hydrogènes N...H-O 
que l'on trouve dans les solutions d'ammoniac et dans les 
cristaux de NH:, HO et NH:, H-O. 


L'étude de la variation des fréquences de résonance 
magnétique nucléaire avec la concentration (12) a permis 
de montrer que l'interaction entre NH, et H-O existe, qu’elle 
est du type liaison hydrogéne et que chaque liaison hydro- 
gène n'a pas un temps de vie supérieur à 10^ s. Ces der- 
niéres années, les solutions de sels d'ammonium ou de 
sels d'amine ont été trés étudiées par R.M.N. (12) (13) pour 
tirer au clair le mécanisme de l'échange du proton entre 
NH; et H-O et la constante de vitesse de la rupture de 
la liaison hydrogéne. Ainsi par l'étude de solutions de 
chlorure d'ammonium en milieu acide, les constantes de 
vitesse ont été déterminées pour les réactions : 


ka 
NH: + HOt —> NH’ + H.0 
k» 
NH. + NH; —-> NH, + NH. 
H H 


| k. | 
NH, + O-H + NH, — NH; + H-O + NH 


Les valeurs suivantes ont été trouvées : 
ka = 4,3 x 10° st M3, k, = 147 x 10° s M* et 


ke = 0,9 + 1,0 x 10° s* M^, Ces réactions sont donc 


extrémement rapides. On trouve aussi une constante de 
vitesse du méme ordre de grandeur (k — 51 x 10" s?) 
pour la rupture de la liaison hydrogène HN... HOH (12). 
Des résultats identiques ont été trouvés récemment pour 
des amines (14). 


198 


183 


Enfin toujours par des techniques de résonance nu- 
cléaire, on peut trouver les énergies d’activation des réac- 


tions : 
NH: + H:0 — NH; + H:0* (1) 


et NH: + H:0* —~ NH, + H-O (11). 


L’énergie d’activation de la réaction I a été trouvée 
égale à 12,2 kcal mole? tandis que celle de la réaction II 
a été trouvée à peu près nulle. Ainsi des rôles semblables 
sont joués par NH. et H;0* mais NH; est un meilleur accep- 
teur de proton que H:O (15). 

En conclusion, on peut adopter le point de vue sui- 
vant : il n’est pas possible d'écrire une formule covalente 
contenant un azote pentavalent et qui représenterait la 
molécule NH.OH. Il semble que parler de NH,OH ne peut 
que fausser les idées de débutants en chimie et qu'il n'exis- 
te entre la molécule d'ammoniac et celle de l’eau qu'une in- 
teraction faible du type liaison hydrogène. Ces interactions 
ent très rapidement. Ainsi la molécule d’hydrate d’am- 


vari : : 
moniac peut étre représentée comme suit 
H H 
HG NOS aaa. EO 
H 


La liaison hydrogéne est une liaison beaucoup plus 
faible que la liaison covalente (énergie de liaison de l'ordre 
de 5 kcal/mole c.a.d. de l'ordre de dix fois plus faible 
qu'une énergie de liaison covalente) et ceci explique l'ins- 
tabilité de l'hydrate d’ammoniac NH; . H:O et le fait qu'il 
n'existe pas à la température ordinaire. 


Dans l'équilibre : 
NH; + H:0 = NH* + OH, les ions NH“ et OH- interagis- 
sent sûrement plus fortement avec le solvant que ne le 
fait la molécule NH;. I n’y a pas plus de raison de tenir 
compte de la solvatation pour NH; que pour les ions NH,* 
et OH-. Aussi, on définit la constante d'acidité de Vion 
[NH:] [H;O*] 
NH« par Ka = où NH; repré 
[NH] s représente la 
concentration totale de l'ammoniac non ionisé d 
lution, sans tenir compte de l'hydratation. De mene p "i 
que la tendance actuelle soit de ne plus utiliser les ae 
S- 
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tantes de basicité mais celles d'acidité des acides conju- 
gués, on définit la constante de basicité : 


oü 
(16) 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 


(7) 
(8) 


(9) 


(10) 
(11) 


(12) 
(13) 
(14) 
(15) 
(16) 


(17) 
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[NH*] [OH:] 


[NE:] 


[NH;] a la méme signification que précédemment 
(17). 


Josiane SERRE, 
Ecole Normale Supérieure 
des Jeunes Filles. 
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Signs of Tensions in Electrochemistry 


The present paper is an attempt by the chairman 
of these commissions (acting alone but with the support 
of his colleagues) to connect the present state of the 
commissions’ work with current practice in textbooks 
and elsewhere. 

We shall take as point of departure the classical text- 
book formula 


AG = -25E d 


connecting the so-called electromotive force E of a gal- 
vanie cell with the change in Gibbs energy (or free 
enthalpy) G corresponding to one occurrence of the cell 
reaction, z being the number of faradays involved in 
the reaction. This formula is derived for reversibility 
and for given temperature and pressure. To sce clearly 
what AG and F really are we take, for instance, the cell 

CulZn|Zn?+||Ag+|Ag Cu 

4 LX 3 4 b 


(2) 


consisting of the metal-solution electrode Zn|Zn?* 
and the solution-metal eleetrode Ag*|Ag and of the 
copper leads a and b. The double bar between phases 
2 and 3 represents the liquid junction whose electric 
potential difference will be neglected or assumed cor- 
rected for. If a positive current J passes through the 
cell from left to right the following reaction takes place 
from left to right as written: 


Zn + 2AÀg* + 2c7(b) — Zn?* + 2 Ag + 2 e(a) (3) 


At electrochemical equilibrium we have, in terms of 
the chemical potentials u and of the electric potentials 
g: 


wan Hunt — 2P eh = ps + Ru Fe (4) 
since the chemical potential of the electron is the same 
in a and b and since the difference ¢?— g? is neglected or 
corrected for. 

Comparing (1) and (4) we find: 
AG = pose + 2 uas — wan — 2 pag (5) 
E = (e = ea (6) 
in which the subscript rev indicates reversibility. 
W e thus see that the actual meaning of (1) is that the 
condition of electrochemical equilibrium of the coll is: 


Ces — eye = AG/2F = -E (7) 
7 
or 

te ever + E = 0 (S) 

which shows that the reversible electric tension U 
CHE PAT ^ y Se im 
(e € ree is balaneed by the chemical tensi » d 
electromotive force E: SA 
Ure + E = 0 9 
(9) 
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with E given by: 
E = —AG/z8 = A/25 (10) 


in which A is the chemical affinity of the cell reaction. 
If, keeping the diagram of the cell given in (2) but 
writing the reaction given in (3) in the opposite direc- 
tion, the number of faradays carried from left to right 
in the cell during one occurrence of the reaction would 
now be —2. There would then be simultaneous 
changes of sign for AG and z or for A and z and it is thus 
seen that U,,. and E are invariant in magnitude and in 
sign with respect to this reversal in the writing of the cell 
reaction. 

Outside of equilibrium, i.e., with passage of current, 
U differs from U,e on account of ohmic drops within 
the cell and of polarization at the electrodes, while E 
remains constant, at given temperature and pressure, 
as long as the composition of the phases is not altered. 

Let us now replace the right-hand electrode of cell 
(2) by the standard hydrogen electrode: 


Cu|Zn|Zn?*| |H* (an+ = 1)|Pt, H: (pa: = 1 atm)|Cu 
« 1 2 3 4 b (11) 
Reaction (4) is now replaced by: 
Zn + 2 H+ (an+ = 1) + 2e- (b) — 
Zn?* + H: (pm: = 1 atm) + 2e-(a) (12) 
The electric tension Ure is now the electrode potential 
(in the Stockholm sense) of the Zn|Zn?+ electrode, 
while the chemical tension or emf E is now what has 
commonly been called the oxidation potential. A 


precise appellation for this quantity is oxidation af- 
Jinity per coulomb. We have: 


Ure. + Eoria = 0 (13) 
If we place the standard hydrogen electrode on the 
left-hand side of the cell we have the following diagram: 
Cu|Pt, H;|]H *||Zn?*|Zn|Cu (14) 

with, in place of (13): 
U're + Ena = 0 (15) 


in which the chemical tension or emf Epa is now what 
has commonly been called the reduction potential. A 
precise appellation for this quantity is reduction af- 
Jinity per coulomb. However, U're may not be called 
electrode potential, while the actual electrode poten- 


tial Uy of formula (13) is thus related to Eora 
and Era as follows: 


Ure = —Eozia = Era (16) 


For the standard Zn|Zn?+ electrode we have OP ps = 
— 0.76 v, E° onda = + 0.76 v, Era = — 0.76 v. 
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The foregoing discussion shows that it is advisable to 
give in textbooks the electromotive series with three 
columns of data corresponding to U°,., E?,4, and 
E?,4. This should clear up, among other matters, the 
old but persistent lore concerning so-called European 
and American signs or European and American con- 
ventions. 

Out of equilibrium the sum U + E is not equal to 
zero any more. It is now equal to what may be called 
the electrochemical tension of the cell: 


E=U+E+0 (17) 


a quantity equal, in the case of a positive current 
passing from left to right inside the cell, to the sum of 
three positive terms: the ohmic drop in the cell, the 
anodic overlension at the Zn|Zn°+ electrode and the 
absolute value of the cathodic overtension at the Agt|Ag 
electrode in the case of cell (2). If the current from left 
to right is negative E is equal to the sum of three 
negative terms: minus the ohmie drop from right to 
left in the cell, the cathodic overtension at the Zn |Zn?* 
electrode and minus the anodic Overtension at the 
Ag*|Ag electrode. The product of £ by the current 
is thus always positive and equal to the power of ir- 
reversibility of the cell, itself equal to the entropy pro- 
duction per unit time multiplied by the 
temperature (8). 
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Section 8 


Most of the articles in this section have been chosen 
to show how the new trends in chemistry have Rie 
enced the way in which the systematic chemistry o 
the elements can be presented. 
The field of noble gas chem 
actively investigated. The paper by 
Summarizes the position as it was in 


istry is being very 
N. Greenwood 
1964. Contro- 


Elements and their 
compounds 


versy still continues over the structure of XeFé and 
the bonding in this molecule. Other helpful articles 
on this topic are H. H. Hyman's " The Chemistry of 

Noble Gases", Journal of Chemical Eaucation, 1964, 
p. 174, and C. L. Chernick's "The Noble Gas Com- 
pounds", Chemistry, Vol. 37, 1964, p. 6. 


Reprinted from Chemistry, Vol. 37, No. 2, 1964, pp. 7-11. 


Chemistry deals with matter and its transformations, but seldom 
does a chemistry course deal with the formation and transforma- 
tions of the elements themselves. This is probably traditional, for 
Dalton and many after him believed that the elements were 
unchangeable. Perhaps the chemistry books of the future will begin 
with an article something like the one presented here—Part I this 
month, Part II to follow in an early future issue. 


ORIGIN AND EVOLUTION OF CHEMICAL ELEMENTS 


David P. Mellor University of New South Wales, Kensington, Australia 


New Trends in Chemistry Teaching, Vol. I. Contribution No 


o most chemists of the 19th century, 
S the question of the origin of the 
elements would have had little 
meaning since, to them, the atom 
was indivisible, immutable, and everlasting. 
One notable exception to this statement was 
William Prout, a doctor of medicine practic- 
ing in London, who in 1815 propounded the 
view that all atomic weights are exact multi- 
ples of that of hydrogen añd that hydrogen 
is the primary substance or “first matter.” He 
was wrong on the first point but remarkably 
close to the modern view on the second for 
we now believe that hydrogen is the raw 
material from which the process of element 
building begins. One of the important conse- 
quences of Mendeleev's discovery of the 
Periodic Law was the emergence of the be- 
lief that the chemical elements are not frag- 
mentary, incidental facts of nature but suc- 
cessive units in the harmony of the universe. 
Atoms are complex structures, consisting 
ofa positively charged nucleus and a cloud of 
surrounding electrons whose charge is equal 
but opposite to that on the nucleus. The nu- 
cleus itself is complex, consisting of a tight 
combination of protons and neutrons. A nu- 
cleus is specified by the number of protons, 
Z, which determines its charge, and the num- 
ber of neutrons, N. Its mass number, 4, is 
the sum of Z plus N. The charge on the 
nucleus, Z, known as the atomic number, de- 
termines the number of planetary electrons, 
D it is the number and arrangement of 


and a T 
that determine the chemical behavior of 


these à : 3 
an atom. Each element is characterized by its 


atomic number. Nuclear species (nuclides) 
with the same atomic number (Z) but different 
numbers of neutrons, and hence different mass 
numbers 4, are known as isotopes. In the 
recurrence of similar electronic configurations, 


as we progress from the simplest to the most 
complicated atoms, is found an explanation 
of the recurrence of similar chemical behavior 
among the elements. 

Perhaps the most significant of all dis- 
coveries with a bearing on the problem of the 
origin of the elements was that made by 
Rutherford in 1917. He showed then that the 
nucleus of one atom (nitrogen) could be trans- 
formed into the nucleus of another (oxygen) 
by bombardment with swift o particles (he- 
lium nuclei): 


NH + Het = O17 + Hi 


Since that momentous discovery many hun- 
dreds of nuclear transformations have been 
achieved by bombarding atoms with different 
kinds of particles—protons, deuterons, a par- 
ticles, and neutrons. Transmutation of ele- 
ments by nuclear reactions is the key to an 
understanding of their origin and evolution, 
The formation of the elements is a matter of 
the synthesis of their nuclei. 

Cosmochemistry, the chemistry of the uni- 
verse, has as one of its main aims the deter- 
mination of the "cosmic" abundance of the 
elements. Any satisfactory theory of the origin 
of the elements must explain their cosmic 
abundance. Indeed, many clues as to the na- 
ture of the processes involved in nucleosyn- 
thesis are found in the relative abundance of 
the elements. Chemical analysis of the uni- 
verse is, of course, an impossible task. When 
a chemist sets out to analyze a large pile of 
mineral concentrates, for example, his first 
care is to obtain a representative sample of 
the material. This most important operation 
is also the major concern of the cosmochemist 
who sets out to determine the cosmic abun. 
dance of the elements. He is, however, 


: more 
restricted than the assayer in the r 


ange of his 
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Figure 1. Spiral nebula in Canes Venatici 


sampling. He cannot sample the w 
verse because it is so unimaginably va 

The known universe js populate: 
lions of huge star systems known 
or "island universes," each of which is an as. 
sembly of many thousands of millions of stars, 
“The galaxies stretch away from us farther 
and farther into Space and by the time they 
are lost to view (through faintness due to great 
distance), some 100 million or more of them 
are accounted for" (3). Since the sun lies well 
within the confines of our own galaxy (the 
Milky Way), we are unable to see what the 
system looks like as a whole. Nevertheless, 
there is very good evidence that the Milky 
Way has a spiral Structure like that of the 
nebula shown in Figure 1. Not all nebulae 
have this shape; some are quite irregular. 

The best the cosmochemist can do is to 
sample small portions of the 
trating mainly on the sun, 
age star, and on some of 
brightest neighbors, Only th 
produce spectra suitable for detailed chemical 
analysis. This limitation on Sampling Means 
that we are making a vast extrapolation in 
using the term “cosmic abundance.” 

The principal sources of i 
which the cosmic abundance 
has been derived are the earth’ 
ites, the sun and bright. stars, 
nebulae. When considering a 
sources, the influence of its Previous chemica] 
and physical history on its Composition must 
be constantly borne in mind. No attempt will 
be made to discuss any of these Sources in de. 
tail. But data relating to the Sources will be 
examined from the point of view of their bear- 
ing on the problem of nucleosynthesis, 


hole uni- 
st. 

d by mil- 
as galaxies 


galaxy, concen- 
which is an aver- 
its nearest and 
€ brightest stars 


and Baseous 
ny of these 


Abundance of the Elements 


The Earth’s Crust. It was natural that the 
abundance of the elements in the earth's crust 
should have been studied first. The earliest 
study was made in 1889 by Clarke (1), who 
based his estimates on an exten 


rock analyses. He plotted abund 
elements ag: 


find periodi 


sive series of 
lances of the 
ainst atomic weights, hoping to 
cities related to those of the Peri- 
odic Table, but he found none. We know 
now that there is no reason to expect periodici- 
ties of this kind; there is no reason why the 
abundance of an element should depend on 
its chemical properties. Modern work shows 
that there are periodicities in the abundance 
Of the elements but of a different kind. As we 


shall see later, they are related to the proper- 
tles of the nucleus, 


Results of the 


Most recent estimates of the 
abundance of 


the most common elements in 
5t are given in Table I. Oxygen 
icture. Eight elements, all of 
€nts—O, Si, Al, Fe, Ca, K, Na, 
up 98% of the crust. These are 
» P, H, and Mn in that order. 
ng elements contribute less 


1914, who 
at the elements which make up 
the earth's crust are those whose 
eights, when rounded off to whole 
» are divisible by four (C, O, Mg, Si, 
`» =a, Etc). Another rule, found in the first 
Instance to apply to meteorites but later also 
lS crust, was stated by W. D. 
917. He noticed that the six most 


abundant elements found in some 400 meteor- 
tes all had even atomic numbers, 

€ question arises: 
representative Si 
answi 
that 


Is the earth's crust a 
ample of cosmic matter? The 
er is definitely “no,” We do not know 
it is even à representative sample of the 


TABLE |. 


Average Composition of the Earth’s Crust and 
Meteoritic Matter 


Earth’s Crust Meteoritic Matter 


Weight Weight 
Element Per cent Element per cent 
O m ray 32.3 
Si 2 2 Fe 28.8 
Al 8.13 Si 16.3 
Fe 5.00 Mg s 
Ca 3.63 s 1 
Na 2.83 Ni JST 
K 2.59 Al i2 
S Ca ÿ 
Mg 2.09 


earth as a whole. Indeed, there are good 
grounds for suspecting that it is not. Further- 
more, there is reason to believe that during its 
very early history the earth lost a large propor- 
tion of its volatile elements—hydrogen, helium, 
and other rare gases, nitrogen (as NH), and 
some oxygen (as H,O). In our search for a 
representative sample of cosmic matter, we 
turn next to meteorites. 

Meteorites. Some scientists believe that mete- 
orites are the fragmentary remnants of a small 
planetary body of about the size set mon 
or smaller. The fragments are of sev eral kinds 
—the irons (siderites), the stony irons (sidero- 
lites), and the stones (aerolites). These are the 
only samples of matter from outside the earth 


available for analysis in the laboratory. The 
class of stony meteorites known as chondrites 


is thought to be most nearly representative of 
rage composition of 


meteoritic matter, the ave 
which is shown in Table As » 
To the question of whether meteoritic mat- 


ter is representative of "cosmic" matter; ve 
answer is also "no." Metcoritic matter, like 
the earth's crust, has lost much of its cantent 
of volatile elements. Nevertheless, since pre- 
all parts of the parent planetary body 
n the specimens available to 
us, meteoritic matter provides a more nearly 
representative sample than does the earth 
crust. of the nonvolatile matter from which 
the solar system has been formed. 

The Sun and Stars. A great deal of work has 
n the spectroscopic analysis of the 
relative abundance of 


sumably s 
are represented i 


been done or 
sun. Table H shows the i 
ore common elements in the solar at- 


The results are expressed in terms 
of atoms per 10,000 atoms of silicon. . 
Some 66 of the elements up to uranium 
have been observed in the sun, and there is 
on to conclude that any clements up to 


the m 
mosphere. 


no reas 


TABLE Il. 


Abundance of Elements in the Sun's 
Atmosphere (-4) 
Abundance, 


Atoms per 
10,000 Atoms 


Abundance, 
Atoms per 
10,000 Atoms 


Element of Silicon Element of Silicon 
5.1 X 10 Ca 870 
He i x 108 Sc 11 
c 10,000 Ti 47 
N 21,000 v 5.9 
O 2.8 X 108 Cr 200 
N 1,000 Mn . 150 
Me 17,000 Fe 27,000 
AP 1,100 Co 55 
Si 10,000 Ni 470 _ 
s 4,300 Cu 8 
x 81 Zn 31 


Figure 2. The gascous nebula in Orion 


number 92, except possibly 43, 61, 85, and 87, 
are absent. The most striking feature of Table 
1I and one which distinguishes it from Table 
I is the extreme abundance of hydrogen and 
helium. This marked difference is attributed 
to the fact that the sun, unlike the carth and 
the meteorites, has -not lost its volatile ele- 
ments. Once again, the light elements domi- 
nate the picture. Of the 11 most abundant ele- 
ments, 10 have atomic numbers ranging from 
1 to 16; the llth (iron, atomic number 26) 
stands by itself in a notable peak. However, all 
of the light elements are not abundant. There 
are three outstanding exceptions—lithium, 
beryllium, and boron. 

The sun derives its energy from the "burn- 
ing" of hydrogen to helium, a process which 
takes place in the core of the sun where it is 
believed the temperature is in the neighbor- 
hood of 15 x 108 °K. There appears to be little 
diffusion between the hot center and the 


cooler outer layers of the sun, The composi- 
tion of the latter is generally thought to repre- 
sent, fairly closely, the primordial composition 
of the solar system. 

Gas Nebulae and Interstellar Gas. Not all 
nebula of stars. Some are 
large glowing masses of gas. The atoms in 
these are excited by ultraviolet radiation from 
intensely hot stars located. within the nebula 
itself. Figure 2 is a photograph of a gaseous 
nebula. Spectrum analysis reveals that these 
bodies also consist mainly of hydrogen (about 
65%) and helium (most of the remainder). 

The space between stars is not a perfect 
vacuum. It is filled with a highly tenuous gas 
and dust—the interstellar — medium—from 
which new stars are. eventually formed. The 
composition of the interstellar medium is not 


are vast assemblic 
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TABLE Ill. 


Elemental Abundances in the Universe 


Abundance, Abundance, Abundance, 
Atoms per Atoms per Atoms per 
Atomic 10,000 Atoms Atomic 10,000 Atoms Atomic 10,000 Atoms 

Element Number of Silicon Element Number of Silicon Element Number of Silicon 
H 1 4.0 X 105 Cu 29 2.1 La 57 0.020 
He 2 3.1 X 107 Zn 30 4.9 Ce 58 0.023 
Li 3 1.0 Ga 31 0.11 Pr 59 0.004 
Be 4 0.20 Ge 32 0.51 jus Ei 0.014 

B 5 0.24 As 33 0.04 m = 

C 6 35,000 ^ Se 34 0.68 Sm 62 0.007 
N 7 66,000 Br 25 0.13 Eu 63 0.002 
[9] 8 215,000 Kr 36 0.51 Gd 64 0.007 
E 9 16 Rb 37 0.07 Tb 65 0.001 
Ne 10 86,000 Sr 38 0.19 Dy 66 0.006 
Na 11 "440 Y 39 0.09 Ho 67 0.001 
Mg 12 9,100 Zr 40 0.55 Er 68 0.003 
Al 13 950 Nb 41 0.01 Tm 69 0.0003 
Si 14 10,000 Mo 42 0.02 Yb 70 0.002 
P 15 100 Te 43 - Lu 71 0.0005 
S 16 3,750 Ru 44 0.015 Hf 72 0 0004 
cl 17 90 Rh 45 0.002 Ta 73 0.0007 
Ar 18 1,500 Pd 46 0.007 w 74 0:005 
K 19 32 Ag 47 0.003 Re 75 0.001 
Ca 20 490 Cd 48 0.009 Os 76 0 010 
Sc 21 0.28 In 49 0.001 Ir 77 0 008 
Ti 22 24 Sn 50 0.013 Pt 78 0 016 
v 23 2,2 Sb 51 0.002 Au 79 0 001 
Cr 24 78 Te 52 0.047 Hg 80 000% 
Mn 25 69 I 53 0.008 TT 81 0 001 
Fe 26 6,000 Xe 54 0.040 Pb 82 0 005 
Co 27 18 Cs 55 0.005 Bi 83 0 001 
Ni 28 270 Ba 56 0.037 Th 90 Um 
8 92 0.0001 
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known very accurately, Here again, however, 
hydrogen and helium are the main com- 
ponents in the ratio of about 10:1. Carbon, 
oxygen, and nitrogen make up about 1%, Cal- 
cium, sodium, potassium; and titanium have 
also been detected. Neutral atoms of hydrogen 
present in the interstellar medium emit the 
21-cin. spectrum line. Studies of this radiation, 
made with the help of radiotelescopes have re- 
vealed that atomic hydrogen is concentrated 
in the spiral arms of the galaxy. 

By combining data from all the sources just 
described, V. M. Goldschmidt in 1937 com- 
piled the first table of cosmic abundances. His 
table has since been modified as more and 
more information has become available. Table 
II, one of the most recent, has been compiled 
by Suess and Urey (7). 

Hydrogen accounts for 93% of the atoms 
and 76% of the weight of the universe. He- 
lium is next, accounting for 74% of the atoms 
and 23% of the weight. Only 10 elements—H, 
He, C. N, O, Ne, Mg, Si, S, and Fe—all with 
atomic numbers less than 27, show appreci- 
able abundance. MI of the elements bevond 
helium make up only a little more than 1% 
of the mass of the universe, In Figure 3, the 
logarithm of the relative abundance is plotted 
against atomic number, 


As shown in Figure 3, abundance dec rease: 
roughly exponentially with increas 
number up to about 40 
very Die change in 
beryllium, and 


ing atomi, 
+ thereafter, there i 
abundance, Lithium 


n boron lie outside the 
trend being cosmically far less 


all the other light elem 
atomic number are more 
those of odd atomic 
An element may be 
times more or less a 


mais 
abundant thar 


ents. Elements of eve 


abundant tha 
number on either sig, 
à hundred or a 


thousa 
bundant than its " 


immed 


Figure 3. Relative abundances of the 
against atomic number, O Elements á 
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ate neighbor in the Periodic Table. For ex- 
ample, light elements whose rounded-oft 
atomic weights are divisible by four—C, O, Ne, 
Mg, Si, S, Ar, Ca, and Fe—are much more 
abundant than their immediate neighbors 
(see Table IHI). 


Theories of the Origin of the Elements 


Gamow's Theory. This theory (2) sometimes 
referred to as the primordial or “big bang” 
theory, assumes that the universe began as an 
exceedingly dense mass of neutrons. “In the 
beginning” was a vast explosion. As the mass 
began to expand, some of the neutrons de- 
cayed to protons and electrons: 


nop-e. 


Protons combined with neutrons to form deu- 
terium (H°?) nuclei, and these in turn aon 
bined with neutrons to form tritium (H5, 
both processes being accompanied by emis- 
sions of y-radiation: 
p+nH+y 
H2+n>H3+y 


Neutron capture continued apace, forming 
successively the nuclei of all the elements. The 
whole process took place, so the theory states, 
in a matter of minutes and the exploding 
matter formed the receding galaxies. 

Several observations seemed to support 
Gamow's beautifully simple theory, «iban 
oratory experiments show that nearly all ange 
of nuclei do readily combine with € 
some kinds much more readily than others. 
They do so by what is called the n y reaction 


i nuclear cross sections for neutron 
Sen pere] i arns (one barn equals 10" sq. 
capture, meas weight. The heavier nuclei copus 
cm.) vs. atomic "ES The exceptionally stable nuce 
entren ed bi des [Reproduced from Sci- 


indicated by open cir Sci 
te eee 195, P- 85 (September 1956), wi 
permission of the publishers] 


CROSS SECTION ( BARNS) 


ATOMIC WEIGHT 


—an unstable nucleus formed by capture of a 
neutron decays to a stable nucleus by the 
emission of a 8 particle (electron). Among the 
heaviest elements, the conversion of gold to 
mercury is a good example: 


AU + n — AU! + y 
;9Àu198 — &,oHg!95 + _,e0 


Nuclei that combine readily with neutrons 
are said to have a large capture cross section. 
Such nuclei should be rarer than those that 
do not combine so readily since the reactive 
nuclei are rapidly converted to succeeding 
nuclei. Consequently, the curve (Figure 4) 
formed by plotting neutron capture cross 
section against atomic mass, should be the 
inverse of the abundance curve shown in 
Figure 3. 

Despite this seemingly favorable evidence, 
Gamow's theory proved to have a fatal flaw. 
There are no stable nuclides with mass num- 
bers five and eight respectively. If neutron 
capture were the only process by which ele- 
ments could be formed in nature, it would be 
impossible to bridge the gaps five and eight. 
Element formation would therefore stop with 
helium. Gamow's theory is in general, there- 
fore, not now highly favored. 


To be continued 
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Reprinted from Chemistry, Vol. 37, No. 4, 1964, pp. 12-16. 


David P. Mellor, University of New South Wales, Kensington, Australia 


In Part I of this article (CHEMIsTRY, Febru- 
ary 1964, page 7) procedures were described 
for estimating abundances of different elements 
in the universe. One theory of chemical evolu- 
tion was discussed to account for these abun- 
dances but could not adequately explain them. 


Formation of Elements in Stars 


The now generally accepted theory (9), 
which is a good deal more complicated (it in- 
vokes at least eight different kinds of nuclear 
processes, six of which are discussed here), is 
based on two main assumptions—namely, that 
the raw material for element building is hy- 
drogen, the most abundant material in the 


Origin 
and 
Evolution 
of 
Chemical 


Elements 
part 
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universe, and that the elements are formed in 
the interior of stars. It also assumes that a first 
generation star is born from a cold gaseous 
mass of hydrogen atoms. Under the influence 
of gravity, the mass slowly contracts, and as it 
does, gravitational energy is converted to heat, 
and the temperature of the interior rises until 
it reaches about five million degrees. This heat 
is sufficient to induce a thermonuclear reac- 
tion—the fusion of protons. 

At temperatures about 5 X 106 °K., protons 
have sufficient kinetic energy to overcome the 
repulsive forces between them and fuse to- 
gether on collision to form deuterons (H2) 
and positrons (positive electrons): 5 


An introduction to the nuclear transformations believed to occur 


in the interiors of stars, and an extrapolation backu 
to the origin of the elements, 


ard in time 
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1H! + HH oH? + uae? 


Deuterons then react with protons to form 
helium-3 and gamma radiation: 


1H? + ,H! > He + y 


Helium-3, however, does not react with pro- 
tons under these circumstances. Instead, two 
helium-3 nuclei fuse together to form a he- 
lium-4 nucleus, liberating at the same time 
two protons which participate in further reac- 
tions (Figure 5): 

,He? + ;He? > ;He* + 2,H! 


The net reaction, the "burning" of hydrogen 
to form helium, is in terms of energy per unit 
mass the most productive of all nuclear proc- 
esses and is the source of the energy of all stars 
for the greater part of their lives. It is esti- 
mated that the sun, after the lapse of 4.5 X 
109 years, has used up about half its hydrogen. 
When all the hydrogen in the core of a star 
has been burned, the core cools and once again 
contracts under the influence of gravitation 
when the temperature rises once more, reach- 
ing about 100 million degrees. What happens 
in a core of helium at this temperature? “We 
have come," says Fowler (17), “to the Gordian 
knot of the speculations on the building up 
of the elements. Two helium nuclei may com- 
bine to form a nucleus of mass 8, but as we 
have seen [Cnemisrry, February 1964, page 
11], any nucleus of mass 8 must be extremely 
unstable because none is found in nature. 
However, beryllium-8 has been produced 
momentarily in the laboratory and will cer- 
tainly materialize in the hot and dense inte- 
rior of a star. In fact, in that environment be- 
ryllium-8 will be produced as fast as it breaks 
down so that a small amount of it is always 


If so, an occasional beryllium-8 nu- 


t. 
presen brief lifetime, fuse 


cleus may, during its very 
with a helium-4 nucleus." 
"The net reaction is thus: 
3 Het > C + energy. 
e of the core of a star rises 
105 °K., the velocity of the 
this enables fusion reac- 
tions to take place between nuclei of greater 
charges by what is known as the "a process 
Thus, the successive fusion of æ particles pro- 
duces reactions like the following: 


Cua Het > O6 + energy 


As the temperatur! 
beyond about 2X 
nuclei increases and 


01 p Het > Ne? + energy 
Ne + Het > Mg” + energy 


Figure 5, Hydrogen burning in stars yields helium and 
energy 


All these fusion reactions are exothermic and 
are the source of energy radiated by stars. At 
still higher temperatures, the fusion process 
continues and produces such nuclei as Si?8, 
S3?, Ars, and Ca‘, The following reactions 
are also thought to occur under the same con- 
ditions: 


C1? 4 O16 > Mg* + Het + energy 
C1? + C1? — Na? + H! + energy 
O16 + O15 — P?! + H! + energy 

O16 + O16 —» Si?5 + Het + energy 


Similar reactions involving the use of heavy 
bombarding particles have been studied in the 
laboratory. For example, ions of C!3 have been 
accelerated in a cyclotron and used to synthe- 
size element 102 (nobelium) from curium, but 
the reaction, 


oCm?* + CH 5 6 n + 4 No? 


appears to be more complicated than those 
just listed. Finally, as the temperature ap- 
proaches the region 10? to 10% °K., the core 
reaches thermonuclear equilibrium with large 
amounts of Fe?* present. Beyond iron and its 
neighboring nuclides the fusion process can- 
not go since these nuclides are the most stable 
of all. Up to this point, nuclear energy can be 
produced by fusion reactions; beyond it, only 
fission processes yield nuclear energy. The 
high cosmic abundance of iron is a reflection 
of its great nuclear stability. 


Creation of the Heavy Elements 


Some new mechanism must be invoked to 
account for the creation of elements beyond 
iron. Two main processes have been proposed, 
each based on the n y reaction. The first of 
these is catastrophic in character and is be- 
lieved to take place in supernovae. For a brief 
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description of supernovae, I turn to the 
astronomer (8): 
"A supernova at maximum light often be- 
comes comparable in brightness to the total 
light emitted by its parent galaxy! Nothing is 
known with certainty about the cause of the 
supernovae explosions but it looks as though 
we have here the case of a star that is being 
blown up. The finest example of a supernova 
in our own Milky Way system (they come no 
more frequently than one in 300 years per 
single galaxy) is a star that was Observed as a 
brilliant object by Chinese observers in 1054 
A.D. and the after-effects of which can be seen 
today in the Crab Nebula in Taurus [Figure 
6]. It was brighter at maximum than Sirius and 
since it was at the distance of the Crab Nebula 
—about 4000 light years—its intrinsic bright- 
ness at maximum must have been equal to 
the light of ten million of our suns,” 
The r-Process. Supernov: 


ae explosions are, 
like those of megaton hydrogen bombs, accom- 
panied by 


the release of neutrons though, of 
course, on a vastly greater scale, During the 
relatively short-lived blast of a supernova, 
these neutrons form elements up to bismuth, 
Heavier elements are produced from lighter 
elements, mainly iron, by successive neutron 
capture and subsequent B decay, just as 
Gamow visualized the process in his “big 
bang” theory. Neutron capture at a rate that 
is rapid compared with that of B decay, is 
called the rapid or T-process. The trend in 
this process is for an unstable nuclide, formed 
by neutron capture, to capture a Second neu- 
tron before it can reach stability by decay. 


This process leads to the formation, in relative 


Figure 6. The Crab Nebula, The gaseous remnant 


of a star that exploded in 1054 A. D, 


abundance, of Se, Br, Kr, Te, I, Xe, Cs, Os, Ir, 
Pt, Au, Th, and U. 

Recent work has led to the belief that the 
Wansuranium element californium (Cf) is syn- 
thesized in some supernovae. Interestingly 
enough, californium has been detected in the 
debris of a hydrogen bomb explosion. 

The s-Process. The second process by which 
elements heavier than iron can be created is by 
the capture of neutrons on a slow time scale. 
The source of the neutrons for this process is 
different from that for the r-process. Oxygen 
(O1) present in the cores of stars known as red 
giants combines with a neutron to form O17; 
Ne?! and C13 are formed in a similar manner. 
These three isotopes react with œ particles to 


form unstable nuclei (the æ n reaction) which 
liberate neutrons: 


: € formation in com- 
parative h elements as Sr, Y, 
Zi Ba; La, Ce, Pr, Nd, Pb, and Bi. The most 
exciting evidence of Occurrence of the s-proc- 
ess is the recent Spectroscopic detection of 
an unstable element of 
whose most stable isotope 
X 105 years—far less than 


Pieces of evidence t 
thesized in Stars, 


According to current views, 


T-process in supernovae. Since 
aS presumably formed from the 
ellar medium as the sun, the ele- 


nt in its crust are also “the ash of 
clear fire.” 


An interesting 
discussed (2): " 
have Condensed 
Mainly of hydroge 
Which had gone 
helium burning, 
and the €—process 


iron grou 
I 


4 Cosmic nu 


Possibility has recently been 
Another solar system might 
out of material consisting . 
n, and gas ejected from Stars 
through hydrogen burning, 
the s-process, the a-process 
(another process for making 
p elements) but not the r—process, 
n this case, among the heavy elements the 
5-process isotopes would be present but the 


r-process isotopes would be absent, so that 
elements which are predominantly built by the 
r-process would be in very low abundance. 
Thus, in such a solar system, the inhabitants 
would have a very different sense of values, 
since they would have almost no gold and 

. no uranium. 

Evidently, the evolution of. the elements, 
like that of the stars, is quite a complicated 
process. Indeed, the two are closely related. 
During the evolution of stars, the changing 
conditions at their centers, where tempera- 
tures range from a few million to tens of thou- 
sands of millions of degrees and pressures vary 
by factors of a million or more, provide the 
wide variety of conditions needed for the many 
different kinds of nuclear processes that are 
believed to be involved in the formation of the 


elements. 


Abundance of Elements and 

Nuclear Structure 

eady stated, any satisfactory theory of 
c elements must be able to 
ive abundances in the 


As à 
the origin of the 


account for their rel the 
It is reasonable to expect some cor- 


relation between the cosmic abundances of the 
elements and the properties of the nuclei—for 
example, nuclear stability and the processes 
by which the elements were formed. The cor- 
relation is likely to be more clear-cut if it is 
sought, not for the elements themselves, but 
for particular nuclear species (nuclides). 

Since the isotopic constitution of the ele- 
ments is known from the results of mass spec- 
trometry, it is a simple matter to convert a 
table of cosmic elemental abundances to a 
table of cosmic nuclide abundances, each nu- 
clide being characterized by its mass number. 
To do this, however, one must make an im- 
portant assumption—that the isotopic consti- 
tution of the elements is constant throughout 
the universe. This may not be true. It is con- 
ceivable that a nuclide may be formed by 
different processes and that in different parts 
of the universe, the relative importance of 
these processes may vary. However, the assump- 
tion of constant isotopic ratios is substantially 
true for meteoritic matter and for the earth’s 
crust and hence for the solar system. More than 
that we do not know with certainty. In Figure 
7, the abundances of the nuclides of odd mass 


universe. 
Figure 7. Abundances of clements (A > 70) plotted as 
T a function of the mass number A 
"This graph shows odd-A nuclides only. The abundance 
curve of even-A nuclides shows the same peaks. Abun- 
dances of the elements are given relative to a value of 
10° for the abundance of silicon. [Reproduced from 
Physical Review, 121, 1389 (1960) with the permission 
of the publishers] 
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number are plotted against their mass number. 
There are periodicities in the abundances with 
peaks at Br, Xe, and Ptand at Y, La, and Bi. 

The curve of Figure 7 stands in striking con- 
trast to the one shown in Figure 3 (Part 1) 
where abundance was plotted against atomic 
number Z. 

Some years ago, it was noticed that the 
abundance of nuclides containing certain num- 
bers of neutrons or Protons is unusually high. 
These numbers—2,8,20,28,50,82,126—were at 
first known as “magic” numbers because their 
basis was purely empirical. They are now well 
understood in terms of a quantum mechanical 
shell model of the nucleus, Experiment shows 
that nuclides with closed shells of protons (or 
neutrons) have a markedly smaller cross sec- 
tion for the capture of neutrons compared 
with that of other nuclides with mass numbers 
in the same region. When nuclides are formed 
by successive neutron capture, 
closed shells should be more 
their immediate neighbors in 
ber series. 

The peaks in the abundance curve shown in 
Figure 7 have been ascribed to magic number 
effects. For example, Coryell (10) suggests that 
the peaks at Br, Xe, and Pt are a consequence 
of the r-process pile-up in fast neutron capture 
on a fast time scale, of Primary antecedent 
species with neutron numbers 50, 82, and 126. 
This would be expected only if a bla 
neutrons rather suddenly died out le 
cosmic material to undergo B dec: 
valley of stability without 
perturbation. y 

The peak in the abundance curve at Fess 
(not shown in Figure 7) is related to the high 
stability of this nuclide and to the fact that its 
production marks the culmination of nuclear 
fusion processes. The high abundance of a 
particle nuclei such as O16, Ne, Mg, sizs 

. Caf0, etc., is a consequence of their high 
stability and also of the &reat abundance in 
the universe of helium from which they are 
formed. 

The theory of the stellar or 
provides an explanation of o 
the abundance curve but it h; 
been wholly successful 
plaining the abundance: 
and some of the heavie 


those with 
abundant than 
the mass num- 


st of fast 
aving the 
ay to the 
further serious 


igin of elements 
ther features of 
as not, of course, 
—for example, in ex- 
5 of some of the lightest 


5t elements, The cosmic 
rarity of deuterium, lithium, beryllium, and 


boron is a consequence of the relative fragility 
of their nuclei. They cannot Survive under the 
conditions in which helium is synthesized from 
hydrogen. But how these elements are syn- 
thesized in stars is one of the unsolved prob. 


lems of cosmochemistry. At the other end of 
the scale, the extremely low abundances of 
mercury, lead, thallium, and bismuth cannot 
be explained on the basis of existing theory 
of nucleosynthesis. 

As so often happens in Opening new fields 
of knowledge, there is constant interplay be- 
tween theory and observation; improvements 
in the accuracy of abundance data lead to 
modifications of theories of nucleosynthesis; 
these in their turn may lead to suggestions that 
some abundance data are inaccurate and in 
need of revision. Although much has already 
been achieved in understanding the origin of 
the elements, much still remains to 

A strikin 
evolution 


be done. 


on the earth, and the evolutionary 
ecules and 
ing organisms 
l properties of 
nfiguration of 
ving forces in 
€ elements and stars, on the 


€ their origin in the innermost 
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other hand, hay, 
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WHAT I 


A METAL 


Frank H. Verhoek, The Ohio State University, 
Columbus, Ohio 


f the 90-odd elements which occur natu- 

rally, about 70 are classified as metals, 

High school chemistry courses usually 

include a discussion of the Properties of 
compounds of the metals, but little attention is 
paid to the metals themselves. Our habit of 
writing the equation for the reaction of sodium 
with chlorine as 


2Na + Cl;— 2NatCl- 


makes it appear as though the element sodium 
came to the experimenter as a collection of 
Separate atoms. Actually, of course, it exists 
in the solid state as an elemental compound of 


sodium atoms with other sodium atoms, and in 
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11, 1964, pp. 6-11, 


the reaction under discussion a sodium atom 
must be separated from other sodium atoms in 
an expenditure of energy which is nearly the 


same as that required to produce a chlorine 
atom from the chlorine molecule, 


Properties of Metals 


—Malleability and ductility: they can be 
pounded into sheets and drawn into wires 
—High tensile strength: they do not separate 
easily into pieces when the ends are pulled 
—Opacity: except in extremely thin layers, light 
will not pass through 

—Matallic lustre: they reflect light of all w 
lengths 

— Good electrical conductiy ity: they conduct 
well in the solid and when melted: conductiv- 
ity decreases as the temperature is raised 

—Good heat conductivity : they conduct heat in 
the solid and when mehed 


ave 


Metals when melted remain liquid ove 
temperature range before the 
reached 


r a long 
boiling point is 


—Metals can react with nonmetals and form 


positive ions when they do 


Only the last of these is strictly a chemical 
property. The others are physical Properties, and 
emphasize again the fact that the Properties we 
recognize as metallic Properties are not ch 
teristic of atoms, but rather are 


a state of aggregation of certain 
How can these 


arac- 
racteristic of 
types of atoms. 
Properties be interpreted in 
terms of the nature of the binding 
metal atoms to each other? 


cha 


which holds 


Electrons in Metals 


Perhaps the most unusual of the 
listed, and the one which most distinguishes a 
metal from other substances, is the easy con- 
duction of electricity (Table I). Chemis 
that this conductivity 
which electrons can m 
Current which flows th 
of the Passage of el 


chemical change ai 
does rez 


properties 


s believe 
arises from the ease with 
ove through metals: The 
trough a wire is the result 
lectrons along the wire. No 
Ccompanies this Passage, nor 


action occur at the points where charge 
enters and le 


‘aves the wire. 

This behavior is opposite to that observed in 
ectrolysis Processes, where ions are formed or 
neutralized at the electrode surfaces. Further, 


in electroiysis Processes or in conduction in 
gases, current will not fi 


voltage is reached. 
on the other hand 
quired, and the 


el 


low until a minimum 
For current to flow in a wire, 
> no minimum voltage is.re- 
current is directly proportional 
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TABLE I. ELECTRICAL RESISTIVITY^ 


Ohm-Cm. Ohm-Cm. 
Lithium 8.6 X 1075 Glass ft x4109 
Carbon 1.38 X 1073 Porcelain 1 X 107 
(graphite) Sulfur a. %10" 
Sodium 4.4 X 10-5 Calcium 8 X10" 
Magnesium 4.4 X 10-* fluoride 
Aluminum 2.6 X 1075 Sodium 5 101 
Potassium 6.6 X 1076 chloride 
Iron 9.8 X 10-6 Acetone 5 _ X 108 
Cobalt 6.3 X 1076 Alcohol LIA 108 
Nickel 6.9 X 10-5 Benzene 1.3 X 10° 
Copper 1.6 X 1075 Water 2.5 X 105 
Zinc 549. X 107$ 
Rubidium — 12.5 X 10^* 
Silver 1.6 x 107 
Tin 11.5 X 10-* 
Antimony 39 X 1078 
Cesium 19 x 10-* 
Gold 2.4 X 1076 
Lead 21 x 107 
Bismuth 110 x 107 


a The electrical resistivity is equal to the resistance in 
ohms of a block of material 1 square cm. in area and 
1 cm. thick. The scientific notation is used in the table. 
For comparison with decimal notation, the resistivity of 
lithium is 0.0000086 ohm-cm. ; that of graphite is 0.00138 
ohm-cm. The smaller the value of the resistivity, the bet- 


ter the material is as an electrical conductor. 


to the voltage [Ohm’s law J = (1/R) X E]. We 
conclude, therefore, that current flow in metals 
does not result from ionization processes: There 
must already be present in the metal of the wire 
electrons which are not attached to specific 
atoms, which can be exchanged for fresh 
electrons from a battery, and which are free to 


travel through the wire. 

The freedom with which el i 
metals was dramatically illustrated in experi- 
a potential difference was 
detected between two ends of a wire wound on 
the rim of a wheel spun at high speed and 
suddenly stopped. The inertia of the electrons 
was just that to be expected of particles carrying 
the electronic charge and having the known 
weight of the electron, as des Dan 
experiments with cathode rays [Tolman "E ees 
Stewart, T. D., Phys. Rev. 8, 97 ws 3 uA 
(1917). Tolman, R. C, Karrer, S., Guernscy, 
E. W., Ibid., 21, 525 (1923)]. s 

Electron Structure of Metal Atoms. n th 
basis of conductivity data, we conclude that 
electrons in metals are free to move. On = 
other hand, the high tensile strength of metals 
indicates that the metal atoms are bound 
together by forces of appreciable magnitude. 
How can we reconcile the freedom of electrons 
to move with the strength of the bonding 
between atoms? Our experience with bonds in 
covalent compounds, Or between the carbon 
atoms within a crystal of diamond, would lead 
o conclude that strong bonding is associated 


lectrons move in 


ments in which 


us t 


with electrons tightly bound in shared pairs, 
and no conductivity. 

In order to answer the question let us first 
examine the electron structure of the metal 
atoms. From their positions in the periodic 
table (Figure 1), it is evident that the metals are 
those elements which have relatively few 
electrons in their valence shells. Atoms of rep- 
resentative metals in groups I and II have only one 
or two, and transition metals have two electrons 
(occasionally one) in the outermost shell over- 
laying d-electrons of the shell of the next lower 
principal quantum number. Having so few 
available electrons, the metal atoms cannot 
combine with each other to produce the eight- 
in-the-outer-shell configuration of a noble gas. 
There are just not enough electrons to bind two 
atoms together in ordinary covalent or electrova- 
lent bonds, either by sharing in, pairs, or by 
transfer to form positive and negative ions. 

Community Sharing. An approach to the 
stability of the cight-in-the-outer-shell con- 
figuration can be made, however, if we assume 
that electrons can be shared among more than 
two atoms. This is the essential feature of the 
binding in metals, and the sharing is really 
on a grand scale. Each atom in a metal crystal 
contributes all of its valence electrons to the 
community, retaining only an extremely small 
share in them, but at the same time acquiring 
a small share of the valence electrons of all the 
other atoms. The result of this community 
sharing has been likened to a group of positive 
ions (the metal atoms without their valence 


Figure 1. The periodic table showing the positions of 
metals (shaded) and nonmetals 


17 


ace. Even though 
, the accumulation 


Figure 2. Ion positions in a face-centered cubic lattice, 
one of the three common crystal lattices ound in 
metals. In A, positions of the nuclei are mar! ed as 
solid circles (visible on exposed surfaces of e SE 
ined cube) and open circles (not visible eins 
viewpoint of the observer). In B, units in t e ores 
are assumed to be spheres in contact with eacl o! 


Fieures 2B and 3 with permission. from CHEMICAL TE que 
Chantal Bond Approach Projet, copyright © 0h 1, Earlham Colleg, : 
Pues Pia by Webi Division, MetGraw-Hilt 


218 


model is any good, it should 
pret the Properties of metals 
and perhaps to Predict some 


Properties which are not listed on page 6. 


Potential difference 


s. Moving electrons, 
however, may 
in their path. 


in the way of 
is what happens 
© metallic ions 


Spoken of as a 
and the out-of. 


c : 
atoms. Or ions, whose electrical cha 
are different from those of ths as Cteristics 
Parent metal, and it is found oe 
that the resistance of alloys, Dor ys Timental]] 
generally, js higher than ikat o Pure metals 
(Table HI) Similarly, mechani Pure metal 
the metal, by bending, Stretchin, working of 
which changes’ the Positions of ie Pounding 
respect to their Perfect Order, wi eee wich 


crease in resistance, 


Mpurities [7 
by mechanica] workin; 


ence the 
* temperatures is , 

that of the imperfections, for w} d oe 
and type will depend à number 


the prev; 


of the sample, and the residual resistance at low 
temperatures will vary from sample to sample, 
as observed. . 

A certain amount of heat disorder exists at 
any temperature, so that when a current passes, 
some collisions of electrons with ions occur. The 
number of collisions per unit time, and their 


TABLE ll. HEAT OF ATOMIZATION OF SOLIDS* 


ls 
Metals Nonmetal . 
Lithium 37.07 Carbon (graphite) 11698 
Sodium 25.98 Silicon LA 
Magnesium 35 .9 Phosphorus pe 
Aluminum 75.0 Sulfur 22 
Potassium 21.51 Iodine s 
Calcium 46.04 " 
Iron 96.68 Covalent compounds 
Cobalt 105 nest "s 
Nicke E [o Carbon monoxide 129 
Coppe 31.19 Carbon dioxide 130 
SE ^83 Methane 
Gum 3 i "s Hydrogen chloride — 54 
pe 82.29 Water 78 
Lead 46.34 
Alloys 
trovalent 
nd AlCo 106 
i 81.89 Cu:Zns 54.5 
ue 76.61 Mg:Sn a0 
KCl 77.35 MgZn: 


mization is the energy needed to pro- 

ek pec] pom atoms from solid elements or 

ds. The values are in kilocalories per mole of 

compoun E ns at 298°K. Those given for compounds 
E hich are not solid at 298°K. are approximate. 


ELECTRICAL RESISTIVITY OF ALLOYS 


TABLE Ill. 
Ohm-Cm. 
6.3 X 10-6 
66% Cu, 34% Zn) 
Be 8 XR 
tantan (2 p 
Sonar silver (re Cu, 25% Zn, re 
14% Ni, 0.3% Fe) 


TABLE IV. THERMAL CONDUCTIVITY: 


ithi 0.167 Cement 0.00048 
Lithium (graphite) 0.038 Glass 0.0025 
ee 0.323 Marble 0.0059 


Sand 70 Porcelain 0.0025 
Maren. 0-385 Calcium fluoride 0.0239 
AU 0.237 Silver chloride — 0.0026 
Roe 0.148 Sodium chloride 0.0166 
Trot 0.165 Acetone 0.00043 
Copal 0.140 Alcohol 0.00044 
Nicke 0.927 Benzene 0.00041 
Topper 0.270 Water 0.00140 
1n 
Silver 1:000 
Gold 0. 


i i hrough a 
a its are calories passing each second ti gl 
Eu steil for which the area is 1 squarc cm. and 
bium 7 1 cm. when the temperature difference across 
AEE is 1 °C. The higher the value the better the 
the thi 


conduction of heat. 


violence, will be greater, the greater the current 
passing. These collisions will transfer energy to 
the ions, producing a random vibration of them 
which will appear as heat. This is the explana- 
tion of the heating effect of an electric current, 
measured as J*R. 

Heat Conductivity. The high conductivity 
for heat (Table IV) is similarly explained by 
the moving electrons. In a nonmetallic solid the 
vibratory motion of the atoms at the hot end of 
the substance can only be transferred to the 
neighboring “cooler” atoms as a result of the 
alternate. increase and decrease of the forces 
acting on the neighbors as the “hot” atoms sway 
back and forth. In metals, however, the electrons 
can pick up energy from a collision with the 
“hot” atom and give it up again to a cooler 
atom which may be many.neighbors away. 
The mobility of the electrons, therefore, pro- 
vides a method of energy transfer not available 
to' nonmetallic substances, and the thermal 
conductivity is correspondingly increased. 

Metallic Luster and Opacity. The luster of 
metals is the result of the fact that light of all 
visible wave lengths is strongly reflected by the 
metal. When light falls upon a flat surface, it 
may be reflected, transmitted, or absorbed, and 
all the energy of the incident light must be ac- 
counted for in the stim of the energies in the 
reflected beam and the transmitted beam and 
the energy stored in the substance by absorp- 
tion. If no light is transmitted, as in the case of 
metals, all the energy must be accounted for by 
reflection or absorption. The small amount of 
absorption which does take place in metals 
occurs in the first few hundred atom layers at 
the surface; the remainder of the light is re- 
flected. Except for copper and gold, the reflec- 
tivity is high for all wave lengths in the visible 
spectrum, so that white light, falling on a metal, 
gives the white, shiny appearance which we call 
metallic luster. The equations of the electro- 
magnetic theory of light show that this high re- 
flectivity is predicted if electrons in the metal 
are free and not bound to particular positions; 
hence this property is further evidence for the 
correctness of the picture of metallic binding. 

Malleability and Ductility; Tensile Strength. 
The properties of being malleable and ductile 
are related to the tensile strength, because they 
depend upon the ease with which metals are 
deformed without loss of cohesion between par- 
ticles. As one part of the metal moves with 
respect to another part there is still a strong 
attraction between the two portions. Movement 
cannot occur easily in any arbitrary direction, 
but is constrained to occur along certain ** 


: sli 
planes," dictated by the packing of the atom: : 


s or 
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SLIP PLANES 


ions in the crystal (Figure 3). All th 
the slip plane do not move 
“dislocation” moves Step-by-step across the 
crystal. The dislocation in Figure 4 is show. 
though it had been introduced into an originally 
perfect crystal lattice, Often, however. the 
crystal is originally imperfect, showing disloca- 
n Figure 5, and the effect of 
applying stress is to force movement 
slip planes containing the dislocations, 

The deformation is 


he ions above 
simultaneously, buta 


n as 


tions or vacancies a 


along the 


accomplished by 
gliding of one plane of ions over another. 


the ions in the layers never separate a 
from one another. In the 


the 
> that 
ppreciably 
model of metals 
which we have been discussing, the 


ions remain bathed in the s 
manner during slip which is 


refore, the 
à of electrons in a 


almost the same as 
their condition when no deformation is taking 


place. T he binding energy of the crystal is little 
disturbed during the deformation, id after the 
deformation is complete, the final condition of 
the ions is the same as the beginning, except for 
those at the extreme front and rear cdges of 
the slip planes, where a separation of ions has 
indeed occurred. The condition of the 
near the dislocation during deformation can be 
looked upon ds a localiz d melting (sec below), 
and the energies involved are o 
tude. The similarity of the 
during, and after slip accoun 
strong binding between the 


metal 


f a similar magni- 
structure before, 
s for the fact that 
ions is maintained 
when the metal is worked; thus the solid does 
not shatter when pounde 


metallic substance does, 

Molten Metals. Metals retain their properties 
of high conductiv ty for electricity and heat, and 
their metallic luster, when melted. This is under- 
standable in terms of the model if we assume 


d or pulled, as a non- 


that in the melt, too, the valence electrons are 
given to the community to be shared among all 
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ions. The regularity of the crystal lattice, 


how- 
ever, will have bee: 


n grossly disturbed, so that 
there should be much more interference with the 
Passage of electrons among the ions, with 
corresponding decrease in the electrical conduc- 
tivity. Antimony and bismuth are 
this respect (Table M». 
within the melt, 
at a high fraction 
ions are still clos 


a 


anomalous in 
The binding forces 
are still maint 
of their full stre 


€ together 


however, ined 


ngth, since the 
and bathed in the 
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TABLE V. RATIO OF THE RESISTIVITY OF A MOLTEN 
METAL TO THE RESISTIVITY OF THE SOLID METAL AT 
THE MELTING POINT: 


Lithium 1.68 Silver 1.9 

Sodium 1.44 Cadmium 1.89 
Magnesium 1.63 Indium 2.12 
Aluminum 1.65 Tin 2 

Potassium 1.53 Antimony 0.70 
Iron 1.09 Cesium 1.65 
Copper 2.07 Gold 2.28 
Zinc 2.09 Lead 2.06 
Rubidium 1.61 Bismuth 0.43 


ity ratio, the greater is the loss 


a The higher the resistivil c 1¢ los 
a when the solid material is 


of clectrical conductivity 
melted. 


hence, once melted, a great deal 
more energy must be added actually to separate 
atoms from each other. Thus the boiling of a 


metal, which produces this separation, will 
her temperatures, and we 


clectron sea; 


occur only at much hig 


observe the long liquid range characteristic of 


meta 
Commercial Metals 
Properties of metals hi 
as if metals were physically n à 
same throughout except for occasional disloca- 
tions. A commercial metal, even of the purest, 
is rarely this uniform, since it will be made of an 
y many crystals (Figure 6). 
therefore, depend upon 
how these crystals fit together. In conduction, 
electrons and energy must be transmitted M 
the boundaries between one crystal and ix - 
The magnitude of these interposed — w i 
depend upon the previous history x ps A: 
since the way in which the meta s : 
formed and worked will determine the size an 
of the crystals. Annealing—heating 
arying periods of time to tempera- 
Iting point— permits ions or 
positions to migrate to more 
of the crystals 


ave been discussed above 
homogencous and the 


agglomeration of 
Some of the propert 


alignment 
the metal for v 
tures below the me 
atoms in less siae poem 
itions, changin E i 
iiri qui iis of grain boundaries, ag well 
; evening out dislocations within individual 
= Storie recipes for heat treatment of 
: therefore valuable in preparing 
mples of inetals having particular 
roperties. With alloys these heat treatment 
opocipume are of even more importance, am 
the distribution and chemical "— of the 
alloying substances can be changed H & s s 
the temperature, and then the nal s 
“frozen” by a quick chilling or tempering. 


Defects of the Model 
diction of the above theory 


is that the electrons, if free, should make an 
able contribution to the specific heat of 
v should be able, by acquir- 
of motion, to absorb energy 


crystals. 
metals are 
commercial sa 


A major wrong pre 


appreci, 
the metal, since the 
ing a greater velocity 0 


So am od 


Figure 6. Etched surface of low carbon steel magnified 
300 times showing boundaries between crystal grains 
Courtesy Republic Steel Corp., Research Center 


when the metal is heated. The specific heat of 
a metal, however, is almost entirely accounted 
for by the increase in vibratory motion of the 
atom kernels on heating. This defect can be 
accounted for by applying the concepts of quan- 
tum mechanics to the model of metals. The 
application leads to a model in which the 
electrons lie in specific energy levels, with not 
more than two in a level (Pauli Exclusion Prin- 
ciple). Only when it is near in energy to a level 
which has less than two can an electron ac- 
cept a small amount of energy to raise it to a 
higher unfilled level. All electrons in filled 
levels far lower in energy than the unfilled 
levels cannot accept the small amounts of 
energy offered to the metal on heating, since 
these amounts would be insufficient to raise the 
electrons to an unfilled level; hence the electrons 
in low energy levels cannot contribute to the 
specific heat. A further conclusion from the 
quantum mechanical model is that the energy 
levels are grouped in bands of energy with gaps 
between. If all the levels in a band are filled 
with two electrons each, conduction is possible 
only by giving an electron sufficient energy to 
lift it past the gap to an unfilled level in the 
band of next higher energy. These concepts 
are particularly important in dealing with the 
semiconductors from which solid-state transistors 
are made, but the picture of free electrons is 
sufficient for a qualitative explanation of most 
of the properties of metals. 


FRANK H. VERHOER, professor of 
chemistry at Ohio State University, 
received a Ph.D. from the University 
of Wisconsin in 1933 and a D.Phil. in 
1935 from Oxford University. He has 
been a consultant for Argonne National 
Laboratory, U. S. Naval Ordnance 
Test Station, and Battelle Memorial 
Institute, and author or coauthor of 


text books and more than 40 papers in 
scientific journals. 
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PLUTONIUM, 


the ornery element 
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Realization of the alchemist’s dream 
of large-scale transmutation and 
announced to the world with an 
exploding bomb, plutonium in Peace- 


time promises to Providea Phoenixlike 
fuel 


Glenn T. Seaborg, Chairman, U.S. 
Energy Commission 


he Story of plutonium is one of the 
I most dramatic in the history of sci- 


ence. For many reasons this un- 
usual element holds 
sition among the 


Atomic 


a unique po- 
chemical elements. It is the 
first realization of the alchemist's dream 
large-scale transmutatio 
element to be seen by m 
topes has speci 
it overwhelmi 
No other fun 


of 
n, the first synthetic 
an, and one of its iso- 
al nuclear Properties which give 
ng importance in human affairs, 
damental scientific discovery has 
exploded in man’s face as this one did: The 
first announcement of its existence w. 
bomb dropped over Nagasaki. 

No other element has been so dr, 
its Quantitative Browth. Ply 
identified at Berkeley, Calif., late in 1940 and 
carly in 1941, through experiments involving 

* picograms (10-12 Bram) or 
+ Two years later, 
reached with the 
plutonium, T 
milligram a 


as the 


amatic in 
tonium was first 


S needed to per- 
' employed at 
Less than 
first Weigh 
kilogram 

ade clement M 


Hanford 


Short years after the 


Was obtained, 
man-m 


three 
able quantity 
S of the new 
Produced, To. 
Painting by Gary Sheahan 


amou nt 
were being I 


New 


day, for commercial fabrication of plutonium 
into fuel elements for power reactors, we talk 
about tons of plutonium. Thus; the scaling-up 
from discovery to the present status 1s by a 
factor of more than 10!8—an increase of more 


than a billion billion times. 


Its Eccentricity Is Almost Unbelievable 


It is only natural that an element so un- 
usual, and in some respects so difficult and un- 
pleasant as plutonium, should have its critics. 
Dr. Robert E. Wilson, Commissioner of the 
AEG, has said some rather harsh things: “If 
there ever was an element which deserved a 
associated with hell," he says, "it is plu- 
tonium. This is not only because of its use in 
atomic bombs, which certainly would amply 
s but also because of its fiendishly 
even in small amounts.” He 
mentioned other troublesome oe RES 
including the wide variation in the Hasse 
more important isotopes, tanging Kom 3 " 
000 per pound for pu a 
dollars a pound for plutonium-24 k -— 

I cannot quarrel with the enr ies 
charges against plutonium. In fact : x ed 
orate plutonium's claim to being a un 
time so ornery and so unusual as to app “ss 
the unbelievable. Under some a me 
tonium metal can be nearly as I an = 
as glass, under others as soft and plastic — 
It burns and crumbles t m p = 
when heated in air, or slowly p js 
when kept at room d A ES 
tonium metal undergoes no less than org 
transitions between room a epp a 
melting point. The metal thus > 


tropic modifications. 


name 


qualify it, 
toxic properties, 


on December 2, 1942, 
d at the University of 
d by the late Enrico 
1 the formidable 


ent. At 3:25 P.M. 
5 ds of Stagg Ficl 
of scientists le 


A historic mo! 
beneath the stan 
Chicago, à team 
Fermi brought 


power of the atom; 


ar rei 

i i of the nucle: a i 

et ET next to the instrument rack near 
Fermi is 


il wi ide rule in hand computing 
Hie patrony ae the reactor. At his left is 
eer "ibus leaning on the balcony rail with papers 
Walter H. Tire d Fermi is H. Compton (with mus- 
indus oec r of the operation. Twenty-six mem ra 
tache) dint rc shown, but the total number is be- 
+ te eve been 45 to 50. The one woman physicist, 
lieved to ha 


Leona Woods Marshall, is seated at the table 


Plutonium has remarkable characteristics in 
its several phases. Except for one part of the 
temperature range of the alpha phase, there is 
not one of the phases for which both the co- 
efficient of thermal expansion and the coeffi- 
cient of electrical resistivity have the conven- 
tional sign. Strange indeed is the fact that in 
two of its phases, delta and delta prime, plu- 
tonium actually contracts as it is being heated. 
Recently we have found to our surprise that 
the pure metal in its alpha, or brittle, phase 
can under certain conditions be rolled to a 
very thin foil about 0.001 cm. thick. 

Its chemical properties are no less unusual. 
Plutonium has four oxidation states that can 
exist together in aqueous acidic solution in 
equilibrium with each other at appreciable 
concentrations. This situation is unique among 
all of the chemical elements. And, of course, 
plutonium occupies a totally unexpected and 
unpredicted position in the periodic table of 
the elements. 

The atoms of plutonium-239 change contin- 
uously to those of a completely different ele- 
ment but so slowly that after thousands of 
years no more than 10% would be changed. 
Yet the change is so rapid that the heat gen- 
erated by the reactions would cause the ma- 
terial to feel warm to your hand. Because of 
this self-heating property, new experimental 
techniques for thermal expansion and thermo- 
dynamic studies had to be devised. Finally, I 
must say that Dr. Wilson’s indictment of its 
poisonous quality is almost an understatement. 
A particle the size of an ordinary speck of 
dust, about 0.6 microgram, constitutes the 
maximum amount that can be accumulated in 
an adult person without eventually causing 
significant body damage. 


Early History 


Perhaps I am so well acquainted with plu- 
tonium’s early childhood that I view it as one 
might a bad child—difficult and even exasper- 
ating in its conduct at times but replete with 
fascinating possibilities. In the case of plu- 
tonium, these possibilities have a vital sig- 
nificance for the future of nucléar technology, 
Also plutonium occupies a significant place in 
my own life. I remember our wartime quests 
for plutonium in amounts large enough for 
military use as an epic rivaling the le 


enda: 
adventures of Paul Bunyan. It is ig d 


tale of 
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prodigious contrasts, the disparities between 
working out processes using barely weighable 
quantities of the new element and projecting 
these microscopic amounts into the Gargan- 
tuan scale of production reactors and chemical 
processing plants. 

I was, one of those young chemists pro- 
foundly stirred by the experiments performed 
by Fermi, Segré, and their coworkers when 
they began to bombard uranium with neutrons 
and found several beta emitters as products of 
these neutron reactions. During the fall of 
1934, we began to get articles about this work 
from Rome in an Italian journal, and we 
tried to decipher them. The excitement was 
spreading in many places. Several groups were 
interested in these beta radioactive isotopes 
produced. Hahn and Meitner and later Hahn, 
Meitner and Strassman in Germany studied 
the beta emitters for a number of years, as- 
suming they were transuranium isotopes. — 

As a graduate student I chose transuranium 
elements as my topic for a seminar and gave 
an hour-long talk on these elements. Like 
everyone else, I believed entirely that these 
beta radioactivities were transuranium isotopes 
and considered myself a minor expert on the 
‘so-called transuranium elements. ; 

History shows that we were wrong. An in- 
volved and complex detective story unfolded 
in which a number of eminent sleuths were 


engaged over a number of years. At last s 
true transuranium elements were unveiled an 
he fission 


their false forerunners exposed as t i 
products they were. Ironically, those studying 
the fission process then found the transura- 
nium elements. From this, it can be seen how 
plutonium, belonging to this unpredictable 
transuranium group, would start off on the 
wrong foot. 1 
The early work on plutonium was carried 
on in secrecy. because of its potential military 
application. Throughout 1941, plutonium Vs 
referred to by the code name of copper. whic! 
was satisfactory until it was necessary tO m 
troduce the element copper into some of b» 
experiments. This posed the problem of dis- 
tinguishing between the two. For a while e 
plutonium was referred to as copper and t 5 
real copper as honest-to-God copper. But this 
grew too cumbersome and finally we Were 
forced to give the new element its present 
name. - 
Because the first man-made element had al- 
ready been christened neptunium after the 
planet Neptune, we followed this pattern by 
naming the next element plutonium, Pluto 
being the second and last known planet of our 


solar system beyond Uranus. We debated 
whether the name should be plutium or plu- 
.tonium and chose the latter because it sounded 
better. There was also the matter of a symbol 
and again propriety was overruled. Rather 
than the more proper Pl, we chose Pu for the 
reason you would suppose. Experience with 
the ornery element has proved our choice of 
Pu to be most descriptive. 

In translating from microgram amounts of 
plutonium to milligrams and grams and at 
last to kilograms, ultramicrochemistry came 
into its own during those hectic days. Even so, 
there were moments of comic relief as when 


92U288 + on! y + s;U?*? (Instantaneous) 
92U25° > ..,9 + Np??? (Half life 23 minutes) 
osN p29 > _18° + s,Pu**? (Half life 2.3 days) 


The synthesis of plutonium 


Plutonium-weighing balance. This quartz fiber balance 
was initially used for weighing plutonium. It has a 
sensitivity of 0.0003 mg. 


Lawrence Radiation Laboratories 


First plutonium compound to be weighed (September 
10, 1942). This bit of plutonium oxide, magnified 85 
times and indicated by the arrow, weighed 2.77 mg. It 
lies near the end of a platinum weighing boat which is 
held by a forceps 
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1951 1955 


1959 1963 
YEAR 


From picograms to tons—the growth in plutonium 
production 


we were forced by the crowds of sight-seers 
wanting an early look at the new element to 
color some of the more plentiful aluminum 
hydroxide with green ink in order to devote 
our entire small supply of plutonium to the 
required, more urgent experiments. We pre- 
served our integrity with the careful statement 
that “This represents a sample of plutonium 
hydroxide.” 

In one instance plutonium cooperated in a 
puzzling way. We were looking for a tetra- 
positive phosphate compound analogous to 
plutonium phosphate as a carrier, Instead 


The world’s first reactor. Because 
photographs are available. The reactor itself was com. 
posed of layers of graphite and uranium, piled on one 
another, and thus the carly name for reactors became 
"piles." Cr ty (self-sustained chain reaction) was 
achicved when the 57th er was added. ws of the 
accomplishment was immediately telephoned to Wash- 

"The Italian navigator has 


ington in cryptic langu 
nd found the natives very 


of wartime secrecy no 


landed in the new world ar 
friendly." 


Argonne National Laboratory 


bismuth phosphate with its tripositive bis- 
muth, noncorrosive, and 


good handling prop- 
erties, 


turned out to be an excellent carrier lor 
tetrapositive plutonium. This was an unex- 
pected windfall in our urgent eflorts to de- 
velop completely reliable chemical separation 
Processes for use at Hanford, 

Because of this puzzling behavior, there 
Were many persistent doubts that the bismuth 
phosphate process could be made to 
the Hanford Plant levels o 
centration. Therefore a crucial test of the 
Process on the ultramicrochemical scale was 
done, using cyclotron-produced plutonium. 
Then, when larger amounts of plutonium 
were available a complete mechanical test of 
the Hanford Process was carried out on the 
semiworks scale, Still some skeptics thought 
the process would never work at high concen- 
tations, some backing their convictions with 
bets. Some held onto these convictions until 


the day that the first successful production 
run was completed. 
The scale-up from 
experiments to 
amounts to 


work at 
f plutonium con- 


the ultramicrochemical 
the final Hanford plant 
a factor of a billion billion, surely 
the greatest scale-up ever attempted. In spite 
of these difficulties the chemical separations 
Proc ss: at Hanford Was successful from the 
beginning, and its Performance exceeded. all 
expectations, High yields and decontamina- 
tion factors were achieved in the very begin- 
ning and continued to improve with time. 


le races Á 

We Proceeded with the utmost respect for 
the formidable dangers involved in separating 
out the ornery element, The chemical plants 


were ma niously engineered 

p 5 inherent in handling 
À of radioactivity. It 
at no one saw the plutonium 
Plant. It js also true that no 
Just before it finally emerged 
nd. In the mean- 
Tough a maze of extrac- 
ands of feet of piping 
ments and an occasional sam- 
Progress. Probably no process 
in chemical engineering his- 
ed such Painful care in its develop- 


r and engineering designs as that exercised 
in the Hanford Plutonium plant. 


Despite the Cussedness of plutonium, we 

arry out this enormous effort 
Ing too far out of line, bureaucrat- 
€ exception had to do with 
ding a long-range alternate 
losphate process, one that 
uranium for reuse. In de- 


as it entered the 
one saw it until 
as a relatively 
time, it ha 


tion vesse thous: 


on a grand scale 
tory receive 


our concern for fin 
to the bismuth ph 
would recover the 


veloping the Redox process we conveniently 
ignored great official resistance from the Man- 
hattan District and carried on a large-scale 
bootleg research effort during much-of 1945. 
Both the bismuth phosphate and the Redox 
processes were used at Hanford. 


The Present and Future 

Certainly plutonium is no less cantankerous 
today than it was when we were battling and 
overcoming the many difficulties during World 
War II, but we have learned much more about 
the element's potentialities as a useful servant 
of man. Indeed I predict that plutonium— 
ornery and unusual as it is—will turn out to 
be one of the most useful elements at our com- 
mand. The really important aspect of plu- 


tonium-239 is that it is a fissionable isotope 


ium-238, an 
i be produced from uranium 238, r 
is n à eadily fissionable. It is 


i i tr 

isotope that is not wu 

evident that gas, oil and coal are not inex 
at the supplies of these 


i h 
haustible, but rather t i 
fuels are eventually limited. The xii locked 
in uranium is at least a thousandfold more 


than that in our usable reserve of fossil D 
This is calculated, however, uet p i à 
tion not only of the 0.7% px ux À oe 
ent, but also the inherent energy in the 99. % 
of uranium-238. Thus the immense impor- 
tance of a reactor capable of producing ein 
fuel than it consumes, comes into sharp € 
when we look at the future ofa ei in xw 
technological society inescapably onis 
on the large-scale conse eet bs HA 
Plutonium will play a principa? ro s 
r future technological growth. 
lso be called upon to play 
another role as exemplified by the m" mu 
tonium recycle test reactor) at aet ib aa 
recycling of plutonium produced in gana 
actors or in other, advanced Eo "o 
can provide a significant improv emen r 
gre its use in reactors, plutonium shows 
Uf property. One of the greatest barriers 
n ing breeder reactor technology is 
cd jbination of high radioac- 
pud to about 140,000,000 edet 
tivity, à x ye 
visi vest per minute es kgs iue 
its physiological property o Sen viuo Res 
bones and remaining there. Ev en i^ d 
ical investigations of plutonium E r itty 
carried out on à scale of a mil [den dee 
by choice, rather than from any imina aor 
supply. These deadly propexues ol E pan 
ery elaborate systems Oo ote 
in every phase of its 
] tribute to the workers 


drama of our Iu! 
Plutonium will a 


mean that v 
control] must be used 
handling. It is a specia 


at Hanford that in their unremitting care- 
fulness no one has ever been hurt. I am sure 
that. the. difficulties which plutonium's radio- 
activity poses for its widespread use in nu- 
clear power will similarly be overcome as a 
result of the ever-increasing sophistication of 
automation. 

The development of plutonium reactor tech- 
nology, of course, involves many other difficul- 
ties. The reactors must be run at a high tem- 
perature so that the energy can be usefully and 
efficiently extracted. Construction. materials 
and corrosion present other problems. 

Most of us have read of the phoenix, that 
mythical bird of the Egyptians which when 
consumed by fire arises again from its own 
ashes. Plutonium promises to provide us with 
a phoenix-like fuel. This fuel, being developed 
at Hanford and containing certain combina- 


tions of the plutonium isotopes 239, 240, and 


941 is expected to make possible extraordi- 
narily long-lived reactor cores. As plutonium- 
239 is burned in the reactor, the fertile plu- 
tonium-240 isotope yields enough fissionable 
plutonium-241 to maintain the reactivity of 
the fuel. 

When an element shows the versatility of 
plutonium, we can afford to put up with con- 
siderable orneriness. 


This article is based on an address delivered 
by Dr. Seaborg before the Meeting on the 
Commercial Fabrication of Plutonium Fuel in 
Richland, Wash. 


GLENN T. SEABORG, Chairman of 
the U.S. Atomic Energy Commission, 
received a Ph.D. in chemistry from the 
University of California in 1987. From 
1940 to 1958 he helped to discover 
the transuranium elements, plutonium, 
neptunium, americium, curium, berke- 
lium, californium, einsteinium, fer- 
mium, and mendelevium. Also, Dr. Sea- 
borg and his colleagues are responsible 
for identifying more than 100 isotopes 
of elements throughout the periodic 
table; with the information gathered 
in his laboratories, radioactivity char- 
acteristics have been predicted for 
many isotopes of elements which still 
have not been found. Under his lead- 
ership, entirely new methodologies and 
instrumentation have been developed 
which have become the cornerstone of 
nuclear chemistry. In 1951, with E. 
M. McMillan, Dr. Seaborg was awarded 
the Nobel prize in chemistry. 
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CHEMISTRY OF THE NOBLE GASES* 


By Professor N. N. GREENWOOD. M.SC., 


University of 


. The inert gases, or noble gases as they are 
now more appropriately called, are a remark- 
able group of elements. The lightest, helium, 
was recognized in the gases of the sun before 
it was isolated on earth as its name (rAos) 
implies. The first inert gas was isolated in 
1895 by Ramsay and Rayleigh; it was named 
argon (dpyós, inert) and occurs to the extent 
of 0-93% in the earth's atmosphere. The 
other gases were all isolated before the turn 
of the century and were named neon (véov, 
new), krypton (kpuzTóv, hidden), xenon 
Zévov, stranger) and radon (radioactive 
emanation). Though they oceur much less 
abundantly than argon they cannot strictly 
be called rare gases; this can be illustrated 
by calculating the volumes occupied at s.t.p, 
by the gases in this lecture theatre (volume 
106 litres): helium 5-24 |. neon 183 |. 
argon 9.340 l. krypton 1-14 1 and xenon 87 ml. 

A few characteristic properties are listed 
in Table I. which shows that the inert-gas 
atoms have complete s and p subshells. For 


TABLE I 
SOME PROPERTIES OF THE NOBLE GASES 


ee 


Ionization | Boiling | AM yap 


At. Electron | potential point (keal 
No. config. |(kcal/mole)| (°C) mole) 

; 567 0-022 

He 2 567 t 2 
Ne 10 497 d 0-44 
Ar 18 363 2 
Kr 36 324 p 323 E za 
Xe od | 5425, 280 ) rg 
Rn 86 js26 247 5 E 

f ——— "— 


this reason there are only weak van der 
Waals interactions between the individual 
atoms and this leads to the very low boiling 
points and heats of vaporization shown. The 
ionization potentials (energy required to re- 
move one electron from an atom to give: a 
cation. M+) are very high compared with 
those of the alkali metals (90-124 kcal/mole). 
In fact, all attempts to prepare w ell-defined 
stoichiometric chemical compounds of these 
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elements were unsuccessful, and for over 
60 years they epitomized chemical inertness. 
Indeed, their electron configuration, 2,9. 
became known as ‘the stable octet.” and this 

basis of the first e 
of valency in 1916. 


lectronic theory 
Despite this, many 
be possible to induce 


a ay chemists 
mert gases might form 
correct con- 
ionization poten- 
lower than those of 
oxygen, fluorine and 


313, N 335, O 314 

2 0 kcal/m je). neo? , 
lonization Potential of iag thermore, the 
to that " IS very similar 


readily forms 
1. Hg 240 keal/mole) 
ak. Iso Suggestive ex erimental 

T ns. Thus, w p pr 
at iodine ; 
water but dissolves 


potassium iodide to «t presence of 


s give t. ^ sani 
ape sagt = p^ brown T; anion. 
number of electrons as ne d i 
therefore be expected to y = oe Fox 
larly ; apparently it does not E^ 


of stable interhalo 
BrF;, IF, and IF. io A 
electrons than are alloweq pa h 
octet theory can be involveq i 
that the isoelectronic Species 
XeF, and XeF,, Might be ca 
pendent existence. pab 
Finally, there was the Possibilit 

co-ordination complexes by donati 
of electrons from an inert-gas atom us aib 
atom. After all, the inert 


gen compou; d 


a 
gases are bri 
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with lone-pairs and their ionization potentials 
are often no greater than those of ammonia. 
water, ethylene and other well-known ligands. 
However, recent detailed studies of the inter- 
action of xenon and krypton with powerful 
clectron-pair acceptors. such as boron tri- 
Huoride and trichloride. indicated that there 
is no specific donor-acceptor bond-formation 
even at very low temperatures. 

This was the position at the beginning of 
1962. Then. in June of that year, N. Bartlett 
announced? that when xenon was placed in 
contaet with gaseous platinum hexafluoride 
at room temperature an immediate reaction 
occurred to give an orange-yellow solid: 

Xe (g) + PF, (g) XePtF, (s) 
Xenon hexafluoroplatinate(V) Was the first 
authentie compound of a noble gas. The 
idea was taken up by dozens of different 
laboratories throughout the world. and w ithin 
I8 months a 400-page book on the subject 
had been published? This gives some idea 
of the speed at which modern advances 1n 
chemistry are made. . 

The first group to start work after the 
initial discovery was one at the Argonne 
National Laboratory in Chicago. and three 
months after Bartlett’s paper they reported? 
that xenon. combined directly with fluorine 
when the two gases were heated in a nickel 
pressure at 400°: 
2K, (g) ~ NeFs (s) 

n be made simply by 


vessel under 
Xe (g) 


The compound can eve ‘ 
passing a, mixture of xenon and fluorine 
g 


diluted with nitrogen through a nickel Los 
heated with a bunsen burner: white ene 
of xenon tetrafluoride sublime out pa Fe 
nent that could have been done at any 


rir 
ls 60 years ! 


time during the past 
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Eun e (min Hg at 257). 


Vap. pr kei 
Hunt per sublimation (k6 al 12-3 90 
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About 20 compounds of xenon have now 
been isolated and many more identified in 
reaction systems. Compounds of.krypton 
and radon have also been made. and a 
vstematic account of this new area of 
chemistry will now be given. Detailed 
references to the original literature are given 
in refs 1. 3. 5 and 6. It will be convenient 
to break up the discussion into three parts: 


(1) Preparation. physical properties and 
structures 


(2) Chemical reactions; 
(3) Stability and bonding theory. 


PREPARATION. PHYSICAL PROPERTIES 
AND STRUCTURES 

Xenon Difluoride 

XeF, isa white crystalline compound which 
is most simply prepared by irradiating a 
mixture of xenon and excess fluorine for one 
day at 25° and 1} atm pressure with light 
from a high-pressure mercury are. It is im- 
portant to freeze out the product at — 785 as 
it forms. otherwise some xenon tetrafluoride 
is also formed, and these two compounds are 
very difficult to separate. Amounts up to 
10 g can be prepared in this way in silica 
vessels or in nickel vessels with sapphire 
windows. The compound can also be pre- 
pared by irradiating a xenon-fluorine mixture 
with Co y-rays. or by cireulating a 1:4 mix- 
ture of the gases through a heated nickel tube 
at 400° and trapping the product at —50 . 
Some properties of xenon difluoride are sum- 
marized in Table II. It can be seen that the 
melting point. 140°. is far above the m.p. of 
both xenon (— 111 ) and fluorine (—223°) and 
the density is also greater than that of solid 
xenon (3:1) or fluorine (1-3). Xenon di- 
fluoride has a very high solubility in anhy- 
drous hydrogen fluoride. in which it ‘is 
non-conducting. | 

The vapour pressure is sufficient to allow 
the compound to sublime readily whe 
warmed under vacuum and it forms letut 
crystals in this way. The heat of Sido 
tion (12:3 keal mole) suggests that ihare? 
appreciable separation of charge within tl 
molecule. and this coulombic attraction ae 
tributes to the volatility. (ef | 

the low volatility (ef. Ally, Ne 


Is 
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3-27, F, 1-64 kcal/mole). Xenon difluoride 
is diamagnetic, indicating that there are no 
unpaired electrons in the structure. 

Neutron diffraction and X-ray diffraction 
have shown that xenon difluoride crystallizes 
in the tetragonal system with cell constants 
a = 4-315 and c = 6-990 + 0-004 A, and two 
molecules in the unit cell, as illustrated in 
Fig. 1. The XeF, molecule is linear and this 


p 4315 À x 


| 6:990 À 


Fig. l. Crystal Structure of XeF, 


is also consistent with the infra-red and 
Raman vibrational spectra (both band shapes 


and occurrence). The modes of vibration are 
shown in Fig. 2. 


-—F Xe Fev 497 cm^' Raman 
=F Xe—F y, 555 cm™' Infra-red 
TERE op y, 213 cm™ Infra-red 
\ 4 
Fig. 2. Vibrational spectrum of XeF, 
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Xenon Tetrafluoride 

XeF, is best prepared by heating xenon 
and fluorine in an atom ratio of 1:5 at 
13 atm and 400° in a nickel weighing-can 
for 1 hr. Up to 50 g can be handled and 
the yield is quantitative. Flow methods 
through a nickel tube, electrial discharge 
methods and y-irradiation have also been 
used. The compound sublimes readily under 
reduced pressure and is obtained as beauti- 
fully-formed colourless crystals. 

The properties of xenon tetrafluoride are 
summarized in Table II. Comparison with 
xenon difluoride shows that the tetrafluoride 
has a lower m.p. and density, and a con- 
siderably lower solubility in anhydrous 
hydrogen fluoride; the heat of vaporization, 
however, is 25 per cent higher. Neutron 
diffraction and X-ray diffraction results indi- 
cate that the tetrafluoride crystallizes in the 
monoclinic system with two molecules in the 
unit cell, as shown in Fig. 3. The molecule 


Fig.3. Crystal structure of XeF, (‘exploded’ view) 


is square-planar with the F-Xe-F bond angle 
90°, and the Xe-F bond distance slightly less 
than that for the difluoride. The molecules 
pack in a body-centred array, and the angle 
between the planes of the two sets of mole- 
cules is 55-2°, 

The infra-red and Raman spectra of xenon 
tetrafluoride are also best interpreted on the 
basis of a Square-planar model. Details are 
given in Table IIT. A molecule containing 
five atoms should have nine (i.e. 3n —6) modes 


of vibration, but if it has square-planar 
symmetry two pairs of these should be 
doubly degenerate, that is. have the same 
energy; vg represents one of these pairs 
and v, the other. so that only seven funda- 
mental modes are expected. of which one, 
vy. is inactive in both infra-red and Raman 
and can only be observed as an overtone. It 
will also be seen that no fundamental vibra- 
tion in the infra-red appears in the Raman 
spectrum and vice versa. This ‘rule of mutual 
exclusion’ indicates that the molecule has a 
centre of symmetry and confirms that it is 
not tetrahedral. (A tetrahedral molecule 
gives rise to only four fundamental modes, 
all of which give Raman lines and two of 
which also give lines in the infra-red; the 
infra-red modes are triply degenerate and 
one of the Raman modes is doubly degenerate, 
a total of nine modes in all, as 


making e 
a pentatomic molecule.) 


required for 


TABLE HI 


CENON TETRAFLUORIDE 


VIBRATION SPECTRUM OF 3 


v R) 543 em ! 
+ + 
vy (LR) 20] em ! < 
| + + 
vy (R) 235 em °! $0 
3 
m E 
| 
pem y | 
y, inactive ) K a 


v; (R) 502 em ! | Es 

va OR.) 586 em ! X 
3 

v; (LR) 123 em ! $1 


(B) Raman: (ER) = Infra 


Xenon Hexafluoride 

XeF, is less stable than the difluoride and 
tetrafluoride. It has been prepared in 10-g 
amounts by heating xenon in a large excess 
of fluorine at pressures up to 200 atm and 
temperatures of 300-400°. In a typical ex- 
periment a 95 per cent yield of xenon hexa- 
fluoride was obtained by heating Xe + 20 F, 
for 16 hr at 300^ and 60 atm.  Electric- 
discharge methods have also been used. 
Some properties of xenon hexafluoride are 
listed in Table IT. The low m.p. and high 
solubility in anhydrous hydrogen fluoride are 
noteworthy. Unlike solutions of the di- 
fluoride and tetrafluoride. these solutions are 
good conductors of electricity. The high 
vapour pressure and low heat of vaporization 
reflect the more symmetrical structure of 
this molecule. Xenon hexafluoride is thermo- 
chroie: the colourless crystals turn pale 
yellow at 42° and melt to a yellow liquid: 
the vapour is a pale yellow-green. All these 
changes are reversible and find explanation 
in terms of the detailed theory of bonding 
and the energy-level diagram for the 
compound. 

X-ray and neutron-diffraction studies have 
proved difficult because of the reactivity of 
the hexafluoride. For example, glass, silicon 
and mercury are all rapidly attacked. How- 
ever, the strueture is certainly octahedral, 
though it is not yet certain whether all bond 
lengths are equal. The infra-red and Raman 
spectra have also only been partly eluci- 
dated; there appear to be no coincidences. 
indicating a centrosymmetrical molecule. 
The Xe-F symmetric stretching vibration 
occurs at 655 em-! in the Raman spectrum 
and the Xe-F antisymmetric stretching 
mode is at 612 em ! in the infra-red. 


Other Xenon Fluorides 

Irradiation of xenon tetrafluorides with 
6Co y-rays at —196 yields xenon mono- 
fluoride radicals, XeF. trapped in the crystal 
lattice. This species. which is stable only 
at low temperatures, has one unpaired 
electron; it is paramagnetic and colours the 
host lattice bright blue. 

Crystals of composition XeF, can be grown 
from the vapour of xenon tetrafluoride con- 
taining some difluoride. The compound is 
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diamagnetic (no unpaired electrons) and 
colourless. X-ray crystallography shows that 
the lattice consists of equal numbers of XeF, 
and XeF, units packed so that the xenon 
atoms form a face-centred array. The 
crystals are monoclinic with cell dimensions 
a= 664A, b — T33À, c — 640 Å, B= 
92° 40’. The density is 4-02 g/ml and all 
bond distances and bond angles are normal. 

The preparation of xenon octafluoride has 
been claimed but not confirmed. Thus, when 
xenon was heated with 16 mole-equivalents 
of fluorine at 620° and 200 atm and the 
reaction vessel then chilled to —78°, yellow 
crystals of composition XeF,, +y Were said 
to be isolated. At room temperature the 


compound is apparently an unstable yellow 
gas. 


Xenon Oxytetrafluoride 

XeOF, is formed when xenon hexafluoride 
is kept in glass or silica vessels: 

2XeF, + SiO, = 2XeOF, + SiF, 
Xenon hexafluoride reacts completely with 
quartz at 50° in two days. The stoichiometric 
amount of water vapour also hydrolyses the 
hexafluoride to this product: 
XeF, + H,O = XeOF, + 2HF 

Xenon oxytetrafluoride is a clear, colourless 
liquid at room temperature. It freezes to 
a white solid at —40° (or —28°) and has a 
vapour pressure of 8 mm at 0° and 29 mm 
at 23°. The heat of vaporization is approxi- 
mately 9 kcal/mole. 

The infra-red and Raman spectra establish 
that the molecule is a square-based pyramid 
C,, symmetry) as shown in Fig. 4. The 


o 


= == F 
x er 
Waco mg 


Fig. 4. Structure of XeOF, 


detailed assignments are listed in Table IV. 
from which it can be seen that there are 
several coincidences in the Raman and infra- 
red spectra. consistent with the absence of 
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a centre of symmetry. 


The spectra of the 
oxy 


tetrafluoride should also be compared 
with those of xenon tetrafluoride in Table III: 
there is a marked similarity except for the 
two extra bands associated with the Xe-O 
stretching and wagging modes. 
Constant calculations cle 


double-bond character of 


Force- 
arly indicate the 
the Xe—O bond. 


Similarity with the isoelectronic interhalogen 
compound, bromine pentafluoride, is also 
noteworthy. 


oxidation stat 
XeOF,, in whi 


Xe + EQ = XeOF, 
Xenon Trioxide 
XeO, was firs 
is as first Prepared by an under- 
g f at Berkeley University: it was 
Y, T 
TABLE Iv 
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ae O stretch 
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Stretch 
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" 231 (w, dp) inactive 


v, | 530 (s, dp) 


inactive 
Ve not obs. inactive 
ys not obs. 609 (vs) 


vs | 364 (mw, dp) | 362 (ms) 
vo | 161 (vw, dp) | not obs. 


vw weak; mw dium-wea SUN 
> * weak. 

ms, medium-strong VS, ven ate í 
p, polarized; dp. depolarized, ny; 


obtained as white. non-volatile. highly- 
explosive crystals by evaporating the aqueous 
acid hydrolysate of xenon tetrafluoride. Dur- 
ing the hydrolysis about half of the Xe" 
disproportionates into Xe" and Xe'!, and 
the other half oxidizes water to oxygen; the 
overall reaction can be represented approxi- 
mately by the equation: 

3XeF, + 6H,0 = 2Xe + 30, + NeO, + 12HF 


The trioxide can also be prepared by slow 


hydrolysis of the hexafluoride: 

XeF, + 3H,0 - XeO; + 6HE 
ation of the trioxide is 
atoms can be exchanged 
180.enriched water. 
that the reaction is 


The degree of hydr 
unknown but oxygen 
by equilibration with 
and it seems probable 

Xe; + 3H,0 = Xe(OH)s 


X-ray structural work on the crystals shows 
that xenon trioxide has an orthorhombic unit 
cell with a = 6:163 + 0-008 Å. b = 8115 + 
0-010 À and c = 5:234 + 0-008 À. There are 
four molecules in the unit cell and the density 
is +55 g/ml. XeO, is a trigonal pyramidal 
molecule as shown in Fig. 5. The bond 


ASA 


y, 331 em 


y, 770 em" 


i AY 


y, 820 cm y, 298 cm^' 


Fig. 5. Vibrational spectrum of XeO, 
length Xe-0 is 1-76 + 0-04 A and the bond 
angle O-Xe-O is approximately 1037. The 
molecular symmetry and dimensions are very 
similar to those of the isoelectronic iodate 
ion, 10, . for which the mean bond lengths 
and bond angles are 1-82 A and 97°. 
Infra-red assignments are shown in Fig. 5. 
There is a marked similarity to the spectra 


181 


of the ions CIO, , BrO, and 10, , and the 
principal stretching-force constant indicates 
considerable double-bond character, consis- 
tent with the short Xe-O bond distance. 


Xenon Tetroxide 

XeO, is a volatile vellow solid, unstable at 
room temperature. It is prepared’ by adding 
sodium or barium perxenate (see next section) 
to anhydrous sulphurie acid at —5°. the 
reaction being formally represented- by the 
equation: 
Ba,XeO, + 2H,SO, 
Yields of up to 34 per cent (0-1 g) were 
obtained. 

The xenon tetroxide molecule is tetra- 
hedral (like osmium tetroxide and the 
periodate ion, 10,7) and has two infra-red 
active vibrations as expected: vs, 877 em}; 
v, 3057 em-!. The vapour. pressure is 
3 mm at —35° and 25 mm at .0°, which 
corresponds to a heat of sublimation of 
8:0 keal/mole. 


XeO, + 2BaSO, + 2H,0 


Compounds of Krypton and Radon 

Compounds of krypton are less stable than 
those of xenon and this has limited the 
amount of attention they have received. 
Compounds of radon may well prove to be 
more stable, but difficulties of handling this 
highly radioactive element have also pre- 
cluded extensive investigation. 

Krypton, unlike xenon. does not react 
with platinum hexafluoride at temperatures 
up to 50° nor does it react when heated with 
fluorine. However, the species KrF, has 
been identified by matrix-isolation techni- 
ques. A mixture of fluorine and krypton 
with argon as the matrix was sprayed on to 
a caesium-iodide window at —253° and then 
irradiated with ultra-violet light. Bands 
appearing in the infra-red spectrum could be 
assigned to the linear molecule KrF,: 
va. 580 em=!; va, 236 em-1. E 
; Krypton tetrafluoride. KrF,, is said to be 
formed as transparent, colourless erystals 
when an electric discharge is passed through 
a gaseous mixture of the elements, Thus 
when a mixture of composition Kr 4 2F, gt 


12 mm pressure was passed through an are 
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of approximately 1,000 V/30mA between cop- 
per electrodes and the products trapped out 
at —188°, a yield of 1-15 g KrF, was obtained 
in 4 hr. The compound has a vapour 
pressure of 4 mm at —30°, 30 mm at 0° and 
90 mm at 20°, and a heat of sublimation 
of 8-8 kcal/mole. At 20° one-tenth of a 
sample of krypton tetrafluoride decomposed 
in one hour and decomposition was very 
rapid above 60°. 

Hydrolysis of krypton tetrafluoride at 
room temperature results in the liberation 
of krypton and oxygen: 

KrF, + 2H,0 = Kr + 0, + 4HF 
However, slow hydrolysis by ice at —30° to 
—60° gave 2-3 per cent of an acid whose 
stable barium salt could be isolated at room 
temperature.8 Hydrolysis of krypton tetra- 
fluoride with aqueous barium hydroxide at 
0° gave a 7 per cent yield of a compound 
considered to be barium kryptate, BaKrO,. 
The acid may be KrO;,rH,0, for example 
Kr(OH),; as the stoichiometric formula of 
the acid and the oxidation state of the 
krypton have not yet been established it js 
perhaps appropriate to call it kryptic acid. 

Tracer experiments at the 10-100 pc level 
indicate that a radon fluoride, RnF,, can be 
prepared from mixtures of the gases at 400° 
but the stoichiometry of the reaction has 
not yet been established. Radon fluoride is 
stable, distils at 230-250°/10-5 mm and 
appears to be an ionic compound. It is 
reduced by hydrogen to radon and hydrogen 
fluoride at 500°. Attempts to prepare radon 
chloride and radon oxide by thermal or 
photochemical means have so far been 
unsuccessfül. 


CHEMICAL REACTIONS OF XENON COMPOUNDS 


The chemical reactions of the compounds 
of xenon have been extensively studied and 
Some typical examples will now be discussed. 


Non-aqueous Chemistry 


The fluorides of xenon react quantitatively 
with hydrogen at about 400? and this has 
been used as a method of analysis. 


XeF, + H, = Xe + 2HF 
XeF, + 2H, = Xe + 4HF 
XeF, + 3H, = Xe + 6HF 
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Xenon oxytetrafluoride reacts similarly with 
a large excess of hydrogen at 350°: 
XeOF, + 3H, = Xe + H,O + 4HF 


Reaction with 
much more ra 
even at —78°: 


gaseous hydrogen chloride is 
Pid and can be carried out 


XeF, + 4HCl = Xe + 4HF + 2Cl, 


It is noteworthy that no indication of a 
xenon chloride was detected in this reaction. 

Xenon tetrafluoride is a good fluorinating 
agent; it attacks mercury at room tempera- 
rure and a solution of the tetrafluoride in 


anhydrous ‘hydrogen fluoride reacts quanti- 
tatively with platinum: 


XeF, + 2Hg 


= Xe + 2HgF. 
XeF, + Pt = x, D Heh 


Xe + PtF, 
Likewise the tetrafluoride fluorin 
trichloride to a mixture of bor 
VE DHL, and carbon tetrachloride 
à elds COLE. Nitrogen dioxide is fluorinated 
© nitryl fluoride, whereas Sulphur tetra. 
fluoride and selenium tetrafluoride are Blow 
oxidized to the corresponding hexafluorides: 

XeF, + 4NO, = x 1 | 

es Bi F 

XeF, + 2Se¥, = Xe T Ser 


ates boron 
on chloride 


6 
Sand reacts 
n tetr: 
um fluoride ar 
The reacti 
sented formally as ini 
hydrogen fluoride, Which the 
excess of ammoni 
fluoride: 


re among 
an be repre- 
formation of 


3XeF, + 4NH, = 3Xe 4 
12HF + 12NH, = 


I 
© 
Z 
m 


Xenon tetrafluoride is itsel 
oxidized by dioxygen diflu 
according to the equation: 


f quantitatiy e]. 
Oride at ~78 
XeF + OF, = Xe, 4. 0, 


This reaction represents a ‘chemical’ 


i H A Syn- 
thesis of a xenon fluoride which involve 
fluorination with a compound of fon S 

1e 


rather than by the element itself, Other 
chemical syntheses have also been achieve 


Thus, when xenon is heated with 2.9 Mole. 


equivalents of CF,OF at 250 atm and 295 
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xenon difluoride is formed. A similar re- 
action with FSO,OF at 150 atm and 175° also 
produces xenon difluoride. The same com- 
pound is formed when xenon and carbon 
tetrafluoride are passed through an electric 
discharge. 

It will be recalled that the first authentic 
example of a stoichiometric compound of a 
noble gas was xenon hexafluoroplatinate. 
XePtF,. Similar compounds are formed by 
other reactive hexafluorides, e.g. XeRhF, 
(deep red), XeRuF, and XePuF,. However, 
no compounds were formed with the stabler 
hexafluorides, IrF,, UF, and NpF,. 

When xenon reacts with an excess of 
platinum hexafluoride other compounds are 
formed with compositions ranging up to 
Xe(PtF,),. but their structure has not been 
definitely established and they have been 
formulated both as ionic and as fluorine- 
bridged covalent compounds: Xe (PC, ) 
and F,Pt-F-Xe-F-PtF;. The ionic structure 
is suggested by the infra-red spectrum, which 
shows only two absorptions as expected for 
the PtF,~ ion. This is also consistent with 
the fact that xenon hexafluoroplatinate(V1) 
reacts with rubidium fluoride in iodine penta- 
fluoride as solvent t5 form the well-known 
orange-red salt, RbPtF,. Likewise. caesium 
fluoride reacts with Xe(PtF,), in the same 
solvent to give CsPtF,. ; à 

Pvrolysis (1 hr at 165°) of a solid having 
the composition Xe(PtF,)., gave xenon 
tetrafluoride and a new. brick-red. dia- 
magnetic compound. XePt Fio- ; 

Xenon tetrafluoride does not form com- 
with sodium fluoride or potassium 


at temperatures Up to 200 or with 
eratures up to 100 . 


plexes 

fluoride 
boron trifluoride at temp 
It therefore shows little tendency to act either 
as an electron-pair acceptor or an electron- 
pair donor (ligand). However. xenon tetra- 
fluoride dissolves in antimony pentafluoride 
to give a gas and a yellow. diamagnetic 
complex. XeF,,2S8bF;. m.p. 63. ' The com- 
pound can be obtained directly from xenon 
difluoride and distils unchanged under re- 
duced pressure at 120°. A similar straw- 
coloured. complex. XeF,,2Ta l5. m.p. 81°. is 
obtained from xenon tetrafluoride and tanta- 
lum pentafluoride. On the basis of their 
volatility and diamagnetism it seems prob- 
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able that these adducts are bonded by 
bridging fluorine atoms, F, ; M-F-Xe-F-MF,. 


Aqueous Solution Chemistry 

The aqueous solution chemistry of xenon 
is fairly extensive and somewhat compli- 
cated. Species containing Xe"! and Xe‘!!! 
are well established and several salts have 
been isolated. 

Xenon difluoride hydrolyses very slowly 
in water but more rapidly in “alkaline 
solution: 


XeF, + H,O = Xe + 10, + 2HF 


All the combined xenon is liberated as the 
element, indicating that ‘hydrolysis’ involves 
oxidation of water to oxygen and reduction 
of Xe!! to Xe". 

Hydrolysis of the tetrafluoride gives vary- 
ing produets, depending on the conditons; 
hydrolysis is again accompanied by oxidation 
of water to oxygen and also by the dispro- 
portionation of xenon(rv) to higher and lower 
oxidation states. During the hydrolysis the 
surface of the tetrafluoride becomes bright 
canary-yellow, and this yellow solid dissolves 
with evolution of gas to give a colourless 
solution. The lifetime of the yellow solid is 
about 10 see in alkaline solution, 8 min in 
water and 20 min in 3m sulphuric acid. 
About half of the tetrafluoride is used in 
oxidizing the water and about half dispro- 
portionates. The overall reaction can there- 
fore be represented by the equation: 

3XeF, + (6 + x)H,0 

= 2Xe +50, + XeOzH,0 + 12HE 

Evaporation of the products of acid hydroly- 
sis results in the isolation of xenon trioxide 
as noted in the previous section (p. 181). In 
the presence of barium carbonate. barium 
xenate (Ba4Xe0,) is formed but this rapidly 
goes over to the perxenate, Ba,XeO,. A 

3 In contrast to the variable produets 
isolated from simple hydrolysis experiments 
the reaction with aqueous potassium ‘gilda 
can be made quantitative under appro uke 
conditions. and this reaction has E 1 o 
for analysis of the tetrafluoride: isp 


XeF, + 4Klaq 


Ne +21, + AKT 
Fhe liberated xenon was measured 
p E E edt d Bas- 
volumetrically, the iodine determined Pa 

y the 
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usual thiosulphate titration, and the fluoride 
determined gravimetrically as calcium 
fluoride. 

Hydrolysis of xenon hexafluoride with 
small amounts of water yields the oxytetra- 
fluoride (see previous section, p. 180). Nor- 
mally, however, the hexafluoride oxidizes 
water to oxygen and also disproportionates 
to XeV" and lower oxidation states of 
xenon. XeV!! is fairly stable in alkaline 
solution but is unstable in acid, so that 
normally Xe’! is the highest oxidation 
state in products of acid hydrolysis. 

Perxenates can be prepared by titration 
of an aqueous solution of xenon trioxide 
with sodium hydroxide (0-5-18m) ; dispro- 
portionation occurs as indicated by the 
following overall equation: 


2XeO, + 4NaOH + 6H,0 
= Xe + O, + Na,XeO,,8H,0 


Potassium hydroxide gives the yellow, 
plosive complex, K,Xe0,,2Xe0,. 

Perxenates are more conveniently prepared 
by alkaline hydrolysis of xenon hexafluoride. 
The white sodium and barium salts are the 
most stable and from these the less-stable 
yellow salts of Pb?* and UO,?+ have been 
prepared metathetically. The least stable 
perxenate yet. studied is the black silver salt 
which deeomposes violently at 150°. 

In common with the oxyacid salts of many 
other heavy elements, various perxenates can 
be obtained, the general formula being 
Mz,XeO,;,,yH,O. Thus, salts of formulae 
Na4Xe0,,2H,0., Na,XeO,,8H,0, Na;HXe0O, 
(ie. n = 21. y = 3) and Na;XeO,,H,0 have 
been isolated. The integrity of several of 
these salts has been established by X.ray 
powder photography : 


ex- 


Formula Structure a b c 
Nu,Xe0,,2H;0 ortho- 


rhombic 6-25 577 10-28 
Na,Xe0,,8H,0 ortho- 

rhombic 10-36 10-45 11-87 
Na;HXe0O, cubic 49— 9-391 


The infra-red spectra of solid perxenates 
indicate that the v4 (antisymmetric stretch- 
ing) mode of the XeO, group absorbs at 
650-680 em-1. This is close to the value of 
the same mode in antimonates, tellurates and 
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paraperiodates and indicates that the Xe-O 
bond in the XeO, complex is similar to the 
Sb-O, Te-O and 1-0 bonds in the octahedral 


à of the dry sodium salt. 
Os, in water at 25° is 7 g/l and in 
O-5w sodium hydroxide 0-2 g/l. It is, how- 
ever, perhaps a little early to anticipate the 


general use of perxenate as a gravimetric 
reagent for sodium ! 


As already 
avt . 


indicated, solutions containing 
e are 


oxidizing. ^ Iodide. 
€ all rapidly oxidized 
dine and bromine are 
© iodate and bromate. 
ly converted to man- 
ermanganate, Fel! jx 


to the element, and io 
then slowly Oxidized t 


ganate and then p 


nur Oxidized to Feli and Hg" to 
zh 4 expected, Perxenates containing 


ss NYSE qi 
oxidize more rapidly Ber oxidants, 


€; water is oxidi 
solution but rapidly i 
and similar Observati 
approximate redox tab 


Lav 
Add Xe — LV —— Xeo, 30v 
" J ma 0 H,Xe0, 
M uu LL HXeO,- 0:9 


STABILITY AND 
Thermochemistry 


The difluoride, 
fluoride of xen 


e nor A 
known that the mean bond qu, ae. It is 
in TeF, is 78 kcal/mole and Ree Te-F 
is 63 kcal/mole; extrapolation 4.) in IF 
electronic molecule XeF, might therefo, 
one to expect E(Xe-F) in the ran ey 
keal/mole, and this is observed, 

The standard heat of formation of cryst 
line xenon tetrafluoride from gaseous ot 
and fluorine has been determineq by stu oS 
the reaction of xenon tetrafluoride with 
aqueous potassium iodide ina rocking bomb. 


calorimeter and analysing the contents after 


the reaction. The mean of four determina- 
tions gave: 

— AH3(XeF, cryst) = 60-1 keal/mole 
As the heat of sublimation of the tetrafluoride 
is 15-3 kcal/mole and the heat of dissociation 
of fluorine is 36-7 kcal/mole, then 


— AH3(XeF, gas) = 448 kcal/mole 
and E(Xe-F) in XeF, = 29-6 kcal/mole 


The relevant thermochemical cycle is set out 
below (heat evolved is positive, heat absorbed 


is negative). 


Xe tang) HAH Xeno 
0 kcal -73-4 kcal -15:3 kcal 
ur Xer,(8) 


Xe(g) + 4F(8) + 118-2 kcal 


A second method. involving the reduction 
of xenon tetrafluoride with hydrogen at 130 
in an isothermal calorimeter, gave à prelimin- 
ue for the heat of reduction of 202 keal. 
This corresponds to — AH;(XeF, gas) = x 
keal/mole and a mean bond-energy E(Xe- 
= 320 kcal/mole. This is in poses 
agreement with the independent value derived 
above. 

The specific heat 
xenon tetrafluoride 
between —263° and 


ary val 


and heat capacity of 
have been measured 
--97? and no anomalies 


At 25° ific heat is 

"en tected. At 25° the spec! td 

DM Herm and the heat capacity. 

C, — 28:334 cal/mole. The measurements 
» = 2 


lead to the standard entropy, Sags (XF, cryst) 
— 350  ] cal deg”! mole-!, and hence to 
an entropy of formation, AS" = 102-5 cal 


-1, The free energy of formation 


deg-! mole 3 "wont 
ed from the relatio 

can then be AAA sache. Secr 

"ees mp e thermodynamic 


nsiderabl 
trafluoride. 

hexafluoride by hydro- 
ditions to those used 
ads to the following 


indicating the co 
stability of the te 
Reduction of xenon 
gen under similar con 
for the tetrafluoride le 
results: 
— AH (reduction) 
— AH,(XeF, gas) = 
E(Xe-F) in XeF, = 


The fact that xenon 


— 306-5 keal/mole 
78-7 keal/mole 
31-5 keal/mole 


hexafluoride is a 
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‘normal,’ unexceptional compound is further 
emphasized by comparing its mean bond 
energy with that of its neighbours in the 
Periodic Table.5 Thus, if the mean bond 
energies in SbF, (92 kcal), TeF, (86 kcal) 
and IF; (63 keal) are plotted against atomic 
number and extrapolated by one unit to 
XeF,, the ‘predicted’ bond energy is 31 kcal, 
close to the value observed. 

The thermodynamic data for gaseous xenon 
difluoride at 1 atm and 250° have been calcu- 
lated from the vibrational spectroscopic data 
given in Fig. 2. The free energy (— AG) and 
entropy (— AS) of formation are: 


— AG, (XeF, gas at 1 atm) = 5:510 kcal/mole 


— AS; (XeF, gas at 1 atm) = 

26-96 cal deg-! mole-! 
From the relation — AG — — AH 4- TAS, 
the heat of formation at 250? is 


— AH; (XeF; gas at 1 atm) = 19-6 keal/mole 


The valüe at 25° will be similar, and from 
this and the heat of dissociation of fluorine 
one obtains 
E(Xe-F) in XeF, = 28-2 kcal/mole 

The similarity of the Xe-F bond energy in 
XeF, (28-2 kcal), XeF, (29-6-32 kcal) and 
XeF, (31-5 kcal) is noteworthy, as also is 
the apparent slight increase in bond energy 
with co-ordination number. This latter trend 
may well be within the experimental error 
of these diverse determinations (probably 
about --2 kcal) but if substantiated is 
unusual, since increase in co-ordination 
number of an element almost invariably 
diminishes the mean bond energy. | 

Oxy-compounds of xenon are less stable 
with respect to formation from the elements 
than are the fluorides but this reflects the 
greater stability of the doubly-bonded oxygen 
molecule compared with fluorine rather than 
the weakness of the Xe-O bond. (The bond 
dissociation energy of oxygen is 118-5 and 
of fluorine 36-7 kcal/mole.) 

From the heat of explosion of xenon tri- 
oxide sas measured in a bomb calorimeter 
the heat of formation was found to be: | 


H 


— AH}(Xe0, cryst) = — 96 + 2 keal/mole 


Exact calculation of the mean bond 


1 ché 
E(Xe-O) would require a knowledge T3 


of the 
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heat of sublimation. as shown by the following 
thermochemical cycle: 


— 96 kcal 


Xe(g) + 3O,(g) XeO,(c) 


0 kcal - 177-8 kcal AH, 


Xe(g) + 3O(g) XeO,(g) 


(8-8 - AH) 
Hence E(Ne O) in XeO, 


3 4 AH i 
The heat of sublimation is not measurable 
but if a plausible value of about 22 keal is 
taken for this quantity then 


E(Xe O) in XeO, + 20 keal 


ee 


This is somewhat smaller than the Xe-F 
bond energy but would not. by itself. confer 
explosive instability: the large endothermic 
heat of formation is due to the fact that the 
Xe-O bond energy is very much less than 
the O-O bond energy in molecular ox 'gen. 

Extrapolations similar to those already 
mentioned suggest that the heats of forma- 
tion of xenon chlorides. like that of xenon 
trioxide. would be negative. Likewise the 
heat of formation of krypton tetrafluoride 
from its elements should be approximately 
zero. but the difluoride is probably slightly 
exothermic. 


Theories of Bonding 

A satisfactory theory of bonding must 
explain convincingly not only the stoichio- 
metry and shape of the noble-gas compounds 
but also deal adequately with the observed 
physical properties and bond energies. As 
the theory becomes more precise. confident 
predictions of the stable groupings of atoms 
should be forthcoming. 

It is clear that van der Waals interactions 
are far too weak to explain the bonding in 
noble-gas compounds. Such interactions are 
normally only 1:5. keal/mole whereas the 
observed bond energies are 20-30 kcal/mole. 
Nor does the assumption of ionic bonding 
adequately explain the energies involved. 
Even for xenon difluoride a simple calculation 
shows that the second-stage ionization poten- 
tial is too large to confer stability on the 
structure Xe**(F ), and the similarity in 
mean bond energies and bond distances for 
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XeF,. XeF, and XeF, rules out the prismi 
bility of structures such as Xe! (FF), and 
Xe (Fo), Other lines of evidence against 
tonic bonding in these compounds are the 
observed crystal structures of Nek, and NUE, 
the volatility of the compounds and the 
absolute values of the bond dist 
are at least 0-3 4 


predicted on the b 


ances. which 
shorter than would be 
] asis of the packing of ions. 
The bonding in xenon difluoride can for- 
bd be considered in terms of the promotion 
However, the mene, to a 54d level. 
this is unlikely on 3 2S ved suggest tini 
extent. and cale Ue 9 2 apprecnble 
Bd drbileln ane eui ations indicate that the 
bonding Moda d fol ri be A: od 
ates ab to account Gute es 
uoride is eve ss 
The ae i t favourable energetically. 
mixing in of ae ek et b uio 
hybrids to ii is ak Ue PER PER 
F-Xe+ p- ana dr es REIR Er 
rii ee satisfactory: e ad i e 
erely Sanita . any even 
leis a ilip ground state of the 
tronicall d om is nothing about its elec- 
T aly excited states and hence ; 
violet spectrum.’ Jt should a Be Ube: 
ever. that this theory Mine HATH how- 
linear molecule for "th ns. predicts a 
square-planar molecule for t] P ide and a 
It predicts a teti Ne tetrafluoride 
hedron for the distorted octa- 
*. and careful 


a- and hexa- 


agonally 
hexafluoriq 


measurements we Ni 

iss lents ar at Present being 

aken to determine whether the & nue 
> struc 


this compound is in fact 
elongated octahedron, 
The most satisfactory treat 
bonding in xenon compounds isthe, 
orbital method. In this theory 
orbitals are constructed from ; : 
on the xenon and fluorine ; 
eriteria which determine Whether 
of atomie orbitals can 
molecular orbit: 


ture of 
a regular or an 


ht of the 
Molecular. 


s are: Ree 


(a) the atomic orbitals should h 


À ave 
energies; 


Similar 
(b) they should have appreciable “pa 
spati 

overlap; a 

(c) they should have appropriate 


Sym- 
metry. 


Molecular orbitals which have energies below 
the mean energy of the atomic orbitals from 
which they are constructed are called bonding 
molecular orbitals. Molecular orbitals which 
have energies close to those of the constituent 
atomic orbitals are called non-bonding mole- 
cular orbitals and those having energies above 
those of the constituent atomic orbitals are 
called anti-bonding molecular orbitals. 

The theory can be illustrated by reference 
to xenon difluoride. The outer electronic 
configurations of xenon and fluorine are: 


Pi Pye Pi Px * Pz 
Xenon Fluorine 


Let the molecular axis be the z axis. Then 
three atomic orbitals must be considered: 
the 5p, orbital on the xenon atom and 
the 2p, orbital on each of the fluorine atoms. 
These three atomic orbitals can combine to 
give three molecular orbitals, one of which 
is bonding. one non-bonding and onean 
bonding. The three atomic orbitals origina y 
contained four electrons m all. i.e. two in the 
xenon 5p, and one each in the two fluorine 
2p. orbitals. These four electrons are now 
placed so that two occupy the bonding 
molecular orbital and two ocoupy n 
bonding molecular orbital. The siue ion is 
illustrated in the following diagram: 


F Description Occupancy 


anti-bonding = 


m 
x 
o 


8 
8 
8 


non-bonding 


bonding 


— Energy > 


oo Go OO 
[t is clear that for best overlap vae a 
atoms should lie ina e al Dk tS 
otice that the non-bondi al has 
ipee from the xenon 2p. orbital, since 
this has the wrong symmetry for Lars 
as indicated by the + and — eign. r 
approximate wave-mechanical description o 


these orbitals is: 


Wa = EYE) + y(Xe) + EYE) 


V 
1 N 
Wa = HE+ 04Xo = ga» 
1 z N 
P, = ay) — pio MTS 
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In these equations, b. nb and ab refer to 
bonding, non-bonding and antibonding mole- 
cular orbitals. V". and the atomic orbitals. y. 
are labelled with an obvious notation. By 
squaring. and adding the coefficients in each 
vertical and horizontal column it is simple 
to check that each atomic orbital has been 
used in all just once and that each molecular 
orbital is normalized to unity. 

If the squares of the coefficients are taken 
to indicate the extent of electron occupancy. 
and if it is remembered that Y^, and Ype each 
contain two electrons, then it becomes 


1*2 
s) =l 


v2 
p--electron in its neighbourhood whereas the 
free atom had two; hence it has a resultant 
net change of +1. Likewise. each fluorine 
atom is associated with [205 4 2( 55] = l} 
p.-electrons. so that it has a resultant charge 
of —1/2. The theory thus enables us to 
calculate approximately the charge distribu- 
tion within the molecule. A more precise 
calculation leads to a charge of +1-4 on the 
xenon and —0-7 on each fluorine. As a 
result of this partial separation of charges 
within the molecule, the heat of sublimation 
of xenon difluoride contains a substantial 
coulombic component in addition to the 
ubiquitous van der Waals attraction, and is 
therefore considerably greater than the heat 
of sublimation of xenon itself, as indicated 
in Tables I and II. Indeed, an estimate of 
the heat of sublimation based on an array 
of atoms in the positions indicated in Fig. 1 
and carrying the partial charges calculated 
above gives excellent agreement with the 
experimental value. 

An important consequence of the molecu- 
lar-orbital bond theory is that it predicts 
enhanced stability the lower the ionization 
potential of the central atom and the more 
electronegative the outer atoms. Compounds 
of xenon and radon with fluorine and oxygen 
are therefore expected to be the most stable. 
whereas krypton fluorides or radon chloride 
should have only marginal stability. Com- 
pounds of argon and neon are not expected. 

The molecular-orbital theory outlined 
above is in no way unique to inert-gas com- 
pounds or unusual in any of its features. Tt 
had previously been used to discuss bonding 


apparent that the xenon atom has 2( 
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in the polyhalide ions, such as 15, ICI, 
ICL, etc., and in many other situations. It 
can be extended to deal with compounds 
such as xenon tetrafluoride and xenon hexa- 
fluoride simply by forming three-centre 
molecular orbitals in the x and y directions 
as well as in the z direction. The theory 
therefore predicts a square-planar shape for 
XeF, and a regular octahedral Shape for 
XeF, The similarities in bond lengths and 
bond energies for these compounds can also 
be understood. Partial charges on xenon 
and fluorine are approximately +2 and À 
in XeF,; and +2 and —j in XeF,. 

A final feature of the theory should be 
mentioned—its ability to help interpret 
ultra-violet and visible absorption spectra. 
Thus when an electron is excited from Y,, 
to Pr it will absorb energy at a frequency 
defined by y = AE/h where h is Planck’s 
constant and AE is the difference in energy 
between the two levels, More extensive 
calculations also consider the molecular 
orbitals of 7-symmetry,® and a detailed 
analysis of the various energy levels is at 
present being carried out for the complicated 
case of xenon hexafluoride which, as men- 
tioned earlier, is thermochroic, 


CONCLUSION 
Speculations on potential applications of 
noble-gas compounds have been numerous. 
Are these compounds a means of storing 
fluorine in a readily available form; can they 
be used as oxidants in rocket-propellant 
fluorinating reagents 


The use of perxenates 
as powerful: aqueous oxidants has already 


been mentioned. Specialized uses for shock- 
sensitive oxides such a. 


atomic-fission products is the volatile xenon 
isotope, 1#Xe; conversion to an involatile 
compound could make this available 


compounds one thing is certain : the discovery 
that xenon readily forms a wide range of 
stable compounds has proved to be one of 
the most stimulating and significant observa. 
tions in chemistry for many years. It has 
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forced us to thin more deeply about the 
fundamentals of chemical bonding and has 
demonstrated in the most direct way possible 
how inadequate any ‘stable octet’ theory of 
valency must be. The stable octet, which 
was the first electronic theory of valency, 
was a great advance when it was originally 
expounded 50 years ago. It is disturbing 
to reflect that much elementary teaching of 
bond theory still relies on this concept 
despite the large areas of chemistry where it 
does not apply (e.g. ferrous and ferric com- 
pounds) and the many advances which have 
been made in our thinking during the last 
40 years. An important lesson can also be 
learned from the fact that if, in 1962, a 
student had been asked ‘What would happen 
if xenon were heated in the presence of 
fluorine?’ and he had answered ‘a volatile 
white crystalline solid of composition XeF, 
is formed quantitatively,’ he would have 
been awarded no marks. 
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The recent discovery of xenon hexa- 
fluoride (1-4) has added another member to the family 
of intriguing xenon-fluorine compounds. There have 
been two main schools of thought concerning the 
theory of the, bonding in the lower members: XeF; 
and XeF, The really distinguishing difference is 
that one group favored xenon 5d orbital hybridization! 
with its 5s and 5p orbitals (2-8); the other favored 
bonds involving primarily only the xenon 5p orbitals 
(9-12). That some investigators chose to express the 
formulation in terms of a separated electron pair or 
valence bond theory and others chose a molecular 
orbital description should not have materially affected 
the conclusions because it has long been established 
that complete valence bond calculations or complete 
molecular orbital calculations including all configura- 
tion interaction should lead to the same results if the 
same approximations have been employed in the two 
methods. Both hybridization or nonhybridization of 
xenon 5s and 5d orbitals with xenon 5p orbitals appear 
to predict correctly a linear structure for XeF; and a 
square planar structure for Xel. Papers presented at 
the Argonne Meeting taking account of xenon 5s and 3d 
orbital participation in the bonding of xenon-fluorine 
compounds were by: Gillespie (13) favoring xenon 9s 
and 5d orbital participation on the basis of separari 
electron pair theory ; Allen (14) suggesting qualitatively 
that the xenon s and d orbitals should be included; 
Boudreaux (/5) implying from his preliminary results 
that xenon 5p participation was probably the impor tant 
contribution; Hinze and Pitzer (16) concluding from 
their calculations that the principal contribution to the 
binding came from ionic character arising from xenon 
5p orbitals and not from xenon 5d orbital hybridiza- 
tion—however, stating that changes in that conclusion 
might result if different approximations were employed 
in the calculations. Jortner, Wilson, and Rice Un, 
neglecting the participation of xenon 5s and 5d ee 
concluded that the properties of Xel'; and Xer, cou 
be satisfactorily explained using only xenon 5p orbitals. 


Bonding in Xenon Hexafluoride 


Lohr and Lipscomb (18), taking into account xenon 44 
orbitals, concluded these 4d orbitals were not important 
in the bónding—this nonparticipation of xenon 4d 
orbitals would have been intuitively expected. It is in 
the prediction of the molecular structure of XeFs where 
inclusion or noninclusion of xenon 5s and 54 orbitals 
could possibly lead to different predictions. 

The inclusion of xenon 3d orbital hybridization 
would at first glance seem to indicate for Xes two 
possible structures, a pentagonal pyramid or an ir- 
regular octahedron (both based on fragments of a 
pentagonal bipyramid in which one vertex is unoc- 
cupied). These structures would arise from con- 
sideration of the most stable arrangement of seven 
electron pairs (whether bonded or nonbonded) around 
a central atom in sp*d? (sp*d,*d;) hybridization (19). 
The arrangement in space of the localized electron pairs 
(electron pair bonds or unshared eleetron pairs) is 
determined by the mutual interaction of all the electron 
pairs in the valence shell of the central atom. The 
arrangement of a total of seven bonds and unshared 
electron pairs is not quite certain since it depends on 
the form of the interaction potential, whereas the 
arrangements of two to six electron pairs are inde- 
peudent of the form of the interaction potential (13). 
Following the notation of ligand-field theory, the 
d; and the d;:-,: orbitals are referred to as d, orbitals 
and the dy, dzz, dy: orbitals as d; orbitals (Fig. 1). 

Experimental evidence that it is possible for the d 
orbitals of an element in this row to participate in 
bonding can be seen from the structure of iodine hepta- 
fluoride (20) in which the two geometries found for 
II; indicate that the iodine atom must be hybridized 
at least sp'd* (pentagonal bipyramid) or even sp*d* 
(a configuration derived from dodecahedral eight- 
coordination) .? 

Xenon 5d orbital participation has been invoked 
successfully to predict the Xel'; and Xel» structures as 
follows (5, 7a, 13): 


Air Force Office of Scientific 
Research, under Contract 


This research was sponsored by the 
Research of the Office of Aerospace 


. AF49(638)-1220. ; x 
Mite died originally prepared and submitted tui pires 
entation at the Conference on Noble-Gas | Compounds à an : 
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participation that in a heavy 
Saunders coupling is breaking ¢ 
and d orbitals becomes less valid; 
than in lighter atoms. 


in regard to this postulated 5d orbital 
atom such as xenon, because Rus: ell- 
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? A point which should be noted in the discussion of the bond- 
ing in the IF; structure derived from dodecahedral eight-coordina- 
tion is that “there is some residual attraction between the two 
odd F atoms and distinetly weakened bonding to the central I 
atom. The molecule dissociates and the extreme fluorinating 
power of IF; may come about from the direct conversion of the 
odd F atoms into atomic fluorine. Conversely, in the formation 
of IF; from IF; and molecular fluorine the configuration of IF; 
requires little rearrangement to achieve the configuration which is 
stable for IF;." (20) 

Postulation of a behavior for XePs analogous to that described 
above for the isoelectronie IF; would seem to have direct per- 
tinence to the experimentally observed anomalous properties of 
XeF; (which may possibly even undergo rapid rearrangement), 
and would certainly indicate an explanation for the extensive 
dissociation and extremely rapid fluorine exchange of Nec. 
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In XeF; the most stable arrangement of six pairs of 
electrons around a central atom in sp%d? (spd; -y) 
hybridization is at the vertices of an octahedron. One 
criterion for maximization of stability is minimization 
of electron repulsions. The largest repulsions: are 
those due to lone-pair—lone-pair interactions; therefore, 
placement of the two lone-pairs at the top and bottom 
of the octahedron and the four F atoms in the equi- 
torial plane would lead to maximum stability. J 

In Xele the most stab rangement of five pairs of 


electrons around a central atom in xp?d(sp?^d;:) hy- 
bridization is at the vertices of a trigonal bipyramid. 
Placement of the two F atoms at the apexes of the 


pyramids would lead to a symmetrical molecule which 
would be expected to have maximum stability. (There 
is a delicate balance between lone-pair-lone-pair and 
bond-pair-lonc-pair electron repulsions which permits 
the linear XeF: the minimum electron repulsion.) 


y 
(+) 
Le \ 
é x 
y 3 
m z + 
: diy: 
dg 
dy ORBITALS 
z y 2 
| | 
oe 
x x PNE 
T pe x ON 
dyz 
d; ORBITALS 
Figure 1. Pictorial representations of d-orbitals; 7-7 dn front of 
plane, — — — — in back of plane, 


However, there is a structural possib ity for Xele, 
alternative to the two indicated earl in this ticle, 
involving ouly partial xenon 5d orbital hybrid zation 
which could lead to an octahedral No, Structure 
in the following mamer. The Xenon atom is in xpi? 
(spd: ys) hybridization which would place the F 
atoms symmetrically around the xenon at the vertices 
of an octahedron, while the extra lone-pair of electrons 
remains on the xenon in an unhybridized d; orbital. 
This postulate is not without precedent since ina 
study of the basie factors influencing structural con 
figuration in the stereochemistry of diserete cight- 
coordinated compounds, unhybridized d orbitals a 


are 
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mentioned as “obviously suitable for housing one or a 
pair of non-bonding electrons” in certain cases (2/). 

It is crucial to realize when invoking the separated 
electron pair valence borid method that, under certain 
special conditions, it is possible to have nonparticipation 
in valence shell ‘hybridization of d orbitals which 
contain one or a pair of essentially nonbonding elec- 
trons. The valence electron pair bond method is 
conceptually simple and has found wide applicability 
in introducing students to chemical concepts. It must 
merely be used judiciously to preserve its intrinsic 
value as a basic theoretical tool. 

The other theoretical assumption using only the 
xenon 5p orbitals would lead to an octahedral structure 
for Xel,. 

In conclusion. while a XeFs structure based on a 
pentagonal bipyramidal or istorted octahedral frag- 
ment would be conclusive evidence for xenon 5d orbital 
participation, an octahedral Xels structure should 
not be construed as conclusive evidence favoring either 
xenon 5d orbital participation or the lack of it. 
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Crisnée of hydrogen possibly out- 
number even those of carbon and are as varied as 
chemistry itself. Underneath this vast and seemingly 
heterogencous array lies the constancy of hydrogen 
itself, a powerful unifying influence to lend stability and 
organization to hydrogen chemistry. _This constant 
quality of hydrogen permits the recognition of a set of 
basic facts and principles, relatively few in number, 
from which practically all the varied chemistry of this 
clement can be understood. This paper is an attempt 
to recognize and to summarize these facts and principles, 
illustrating their meaning, where appropriate, by speci- 
fie examples. 

The hydrogen atom consis 
and one electron in the first princu x 

The capacity of the first principal quantum level being 
two, the hydrogen n ucleus is not completely shielded by 
the one electron, and therefore can attract another. 
This can be accommodated in the single (s) orbital of the 
first shell. A hydrogen atom can thus form one covalent 
‘bond, since il possesses: the prerequisile of one outer-shell 
half-filled vrbital. : 

Formation of one sing 
atom completely uses all of t 


ts of one proton, as a nucleus, 
incipal quantum level. 


le covalent bond by a hydrogen 
he atom's conventional bonding 


capacity. Tt has no additional electrons and no onl 
vacancies, after a single covalent bond has pen fom s 
| M in which two atoms have 
A hydrogen molecule, He, ino aton à 
united through such a bond, is ns a ES 
re, or accept ele "m 
unable to donate, share, 0 is. 
moleeule must be dis ciated or, at the n" Le bond 
must first become highly deformed before the hydrogen 
can react with any other substance. Association 
à lecules is limited to van der Waals 


among hydrogen mole! 1 à 
interactions, which with only two electrons per molecule 


are extremely weak, resulting n eei low melting 
ili ratures for hyd 5 
ang poa ES i ren element whose atoms have no 
aitona athe? than that used for valence. Le ee 
among all other kinds of atoms are ne Py z 
pulsions among the electron clouds that ds ut 
valence shell, and by shielding of the me y a 
clouds. Only hydrogen atoms lack vy ^ ien #4 
On the basis that its outer shell is half-fille Woe 
belongs in the perio ther elements (Group 


dic table near 0! 
IV-A) whose outer shellis half-filled. Myomen bs € 
logically belong with the alkali metals, by w ve 
their having also one outermost electron pers om, 1 - 
cause they exceed it by having six more vegans ies. 
Likewise, it does not belong with the halogens vete 
unlike them, it does not have three pairs ofe MUR 
per atom in the outermost shell, besides the valence 
electron. Since à hydrogen atom can form but BE 
covalent bond, whereas IV-A elements can form four 
covalent bonds per atom, hydrogen should actually 
oceupy a separate positio! 


n in the periodic table. Most 
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logically, however, this should be near to Group IV-A 
which hydrogen resembles in electronegativity. 

Hydrogen has an clectronegativity only slightly above 
the median. It can therefore act as oxidizing agent 
toward less electronegative elements, and as reducing agent 
toward more electronegative elements. The order of 
increasing electronegativity is: Cs, Rb, K, Na, Li, 
Ba, Sr, Ca, Mg, Be, Al, Cd, Si, B, Zn, In, Hg, Tl, Pb, 
Sn, Bi, P, Sb, H, Ge, Te, C, I, As, S, Se, N, Br, Cl, O, and 
F. Toward any of the elements to the left of hydrogen, 
it acts as oxidizing agent. Toward any of the elements 
to the right of hydrogen, it acts as reducing agent. 

Hydrogen forms conventional binary compounds only 
with the rare-gas-shell and 18-shell type elements. It 
forms compounds with each of these. These com- 
pounds have the composition expected from the capac- 
ity of each atom to form conventional single covalent 
bonds. Their type formulas for each major group of 
the periodic table are: I-A, EH; I-A, EH»; IH-A, 
EH; IV-A, EH; V-A EH;; VI-A EH»; and VII-A, 
EH. 

The strength of covalent bonds to hydrogen appears to 
be greatest for atoms that are relatively small and to 
decrease with increasing size (principal quantum number 
of the valence shell) of the other atom. The most stable 
binary hydrogen compounds are those of carbon, nitro- 
gen, oxygen, and fluorine. Within each major group of 
the periodic table, the stability tends to diminish with 
increasing size of the atom joined to hydrogen. 
Hydrogen compounds of mercury, thallium, lead, 
and bismuth are so unstable that knowledge of them is 
scant. Hydrogen telluride is least stable in its group 
(possibly exeepting polonium hydride), and hydrogen 
iodide is least stable in its group (possibly excepting 
hydrogen astatide). 

When hydrogen acts as an oxidizing agent, it acquires 
partial negative charge. In proportion to the amount of 
this charge, hydrogen compounds tend to become associated, 
with consequent reduction of volatility and increase in 
melting point. The table lists the binary compounds 
of hydrogen in order of decreasing negative and in- 
creasing positive partial charge. 

The hydrides of the alkali and alkaline earth metals, 
for example, form ionic crystalline lattices, most of 
which remain solid and nonvolatile to fairly high tem- 
peratures, when they decompose before melting. Hy- 
drides of other elements less electronegative than 
hydrogen, in which the bonds are not as polar as in the 
salt-like hydrides, appear to become associated through 
hydridie bridging, in which hydrogen atoms bridge two 
molecular units, This may extend to highly polymeric 
solids, as in Belle, MgHs, AIH;, InHs, or it may result 
merely in the formation of volatile dimers, such as 
B;H; and possibly Ga:Hs. 
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Estimated Partial Charge on Combined Hydrogen 
(in electrons) 


Negative Nearly neutral Positive 

SnH, —0 02 HI 0.04 
GeH, —0.01 HS 0.05 
PH; —0 01 HSe 0.06 
SbH, —0 01 NH, 0.06 
CH, 001 HBr 0.12 
H.Te — 0.01 H:O 0.12 
AsH: — 0.02 HCl 0.16 

HF 0.25 


When conventional covalence would result in binary 
hydrogen compound molecules having one or more outer- 
shell vacant orbitals and the hydrogen. bears partial nega- 
tive charge insufficient to form an ionic lattice, these orbitals 
tend to share the electrons of the hydrogen atoms of other 
molecules, resulting in an association of the molecules 
through hydridic bridging. The most familiar example 
of hydridie bridging occurs in diborane, BeHs. Each 
boron atom has four outer orbitals but only three outer 
electrons. When it has joined to three hydrogen 
atoms by conventional covalent bonds, then it still 
possesses an outer vacant orbital. In the presence of 
some electron donor, this orbital quickly becomes oc- 
cupied through formation of a molecular addition com- 
pound, such aus BH: N(CH). When only BH, 
groups would be present, however, they pair com- 
pletely. One hydrogen atom of each BH; appears to 
lend the pair of bonding electrons to the ot her boron in 
its otherwise unoccupied orbital. Thus is formed a 
three-center bond, in which one pair of electrons holds 
two boron atoms to the same hydrogen through one 
orbital from each boron and one on the hydrogen. 
Two such three-center bonds appear to comprise the 
hydridie bridging in diborane. Such hydrogen bridg- 
ing is called "hydridie" because negative charge on 
hydrogen seems to be required, Similar situations in 
which the hydrogen is not partially negative. Such as 
BCII, (partial eharge on H, 0.03), do not exhibit the 
dimerization characteristic of diborane. 

In proportion to the amount of ils negative charge, 
hydrogen loses oxidizing power and acquires reducing 
power in the compound and tends lo gain electron donating 
ability. All compounds in which hydrogen is negatively 
charged tend to be active reducing agents, although the 
relative potential reducing power may be obscured by 
differences in reaction mechanism. Even Water is an 
effective oxidizing agent, with its positive hydrogen; 
and most compounds of negative hydrogen are readily 
hydrolyzed, with the liberation of molecular hydrogen 
formed by uniting negative hydrogen with à proton. 
Highly negative hydrogen can become a hydride ion 
ligand, contributing a pair of electrons to an available 
orbital of another atom. For example, it can join with 
a BH; group to form the borohydride ion, BH,-, or 
with an AIH; group to form the aluminohydride ion, 
AIH,~. To act as ligand, the hydrogen apparently 
must have a higher negative charge than the hydrogen 
atoms already attached to the boron or aluminum. 
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When hydrogen acts as a reducing agent, il acquires 
partial positive charge. In proportion lo the amount of 
this positive charge, hydrogen gains oxidizing power and 
loses reducing power in the compound and, as a releasable 
proton, ténds to gain electron accepting ability or, in other 
words, becomes acidic. All compounds of hydrogen in 
which the hydrogen has partial positive charge are at 
least potentially oxidizing and acidic; they tend to be 
more so, the more positive the charge. However, the 
most important factor, in any reaction involving the 
release of a proton from a hydrogen compound, is the 
electron-donating capacity of the negative ion that 
would remain. The transfer of a proton is a competi- 
tive process, essentially between an electron pair on each 
of two atoms. The relative availability of each elec- 
tron pair to the proton determines the extent of trans- 
fer, if any. "Therefore, although the hydrogen tends to 
be more protonie, the higher its positive charge, a high 
charge is not necessarily a criterion for high acidity 
under all conditions. For example, in the hydrogen 
halides, the acidity of aqueous solutions increases from 
hydrofluorie acid, which is weak, to hydriodie acid 
which is very strong. -(Aqueous hydrochloric and 
hydrobromie acids are also Strong, but in more acidic 
solvents than water the distinction can be made that 
HI is stronger than HBr which in turn is stronger than 
HCL) Bond polarity is in the opposite order, the 
highest positive charge on hydrogen occurring in HF, 
and in HI the hydrogen is only slightly Positive. The 
difference here lies in the capacity of the halide ion in 
water to donate an electron pair to à proton. The 
fluoride ion does this so effectively that HF is a weak 
acid. The iodide ion does this Poorly, as do also chlor- 
ide and bromide ions, making HCl, HBr, and HI s 
acids. An explanation is Suggested below, 

Positive hydrogen, of course, is important not just in 
Water solutions for it possesses oxidizing power in the 
compounds separate from water. Such compounds 
can, for example, remove electrons from metals and 
react with compounds of negativ. 
molecular hydrogen gas, or wi 
tive alkyl, releasing the c 

Positively charged hydrogen can become attracted to an 
electron pair on another molecule (or on another atom of 
the same molecule) electrostatically, with sufficient force 
to form.a weak bond, called a “protonic bridge,” holding 
the molecules together. This is what is commonly called 
a “hydrogen bond.” The term “protonic bridge” 


trong 


different type of hydrogen bonding called "hydridie" 


ig is a property exelusively of 
hydrogen, because of the absence of electrons underlying 


the valence shell, in hydrogen alone. When the valence 


ment of small size seems to suggest that in larger atoms, 
even when they bear partial negative charge, the electron 
pairs are not concentrated within so small a space as in 
the small atoms and hence not so available to a proton 
of another molecule. These requirements practically 
restrict the effectiveness of protonic bridging to com- 
pounds in which nitrogen, oxygen, and fluorine bear 
partial negative charge and are available to positively 
charged hydrogen. The hydrogen is usually attached 
to one of these elements, too, but may be attached to 
some other element such as carbon as long as the 
hydrogen bears substantial positive charge. 

The physical properties of ammonia, water, and hy- 
drogen fluoride that reflect the state of aggregation of 
the molecules, such as melting and boiling points, give 
ample evidence of protonic bridging in these compounds. 
The essential absence of such bridging in their congeners 
is similarly shown by their much lower boiling and melt- 
ing points, despite their greater molecular weight. 

Compounds in which the hydrogen is neither appreciably 
positive nor appreciably negative show no evidence of 
association through either prolonic or hydridic bridging 
and tend, therefore, to be low-melting and volatile. Only 
a few elements are close to hydrogen in electronega- 
tivity, and therefore compounds of relatively un- 
charged hydrogen are restricted to these. They in- 
clude all hydrocarbons as well as methane, germanium 
hydrogen compounds, phosphine PHs, arsine AsHs, 
and stibine SbHs, and hydrogen telluride also. 

'ompounds in which hydrogen is close to neutral also are 
relatively inert chemically at ordinary temperatures, being 
not easily oxidized or reduced and neither acidic nor basic. 
Methane and germane, for example, although they will 
burn in air when ignited, are not spontaneously in- 
flammable as are many compounds of negative hydro- 
gen, and they are inert toward hydrolysis. They are 
neither acidie nor basic. 

ogen and carbon are 1 
E we i they have formed all the covalent bonds of 
which they are capable, have neither outermost vacancies 
nor outermost electron pa irs available for further reaction. 
This is highly significant, accounting for the relative 
unreactivity of the alkanes and of alkyl groups throug - 
out organic chemistry. Such molecules and groups are 
relatively invulnerable to chemical attack, W epe 
monly requires the initial formation of unes Me pee 
mediates through the use of unshared pairs Es bital 
vacancies. Outer d orbitals. not present in ear! i 
available in all other elements of this group, imparting 
higher reactivity to their compounds. 

The small size of carbon permits strong. 
gen, and the similarity 1n electronegatirily 


he only two elements whose 


g bonds lo hydro- 
prevents ap- 


preciable bond polarity in hydrocarbons. These facts 
contribute greatly to the importance of hydrocarbon 
chemistry, for they permit indefinitely extensive joining 
together.of carbon atoms when the remaining bonds are 
to hydrogen. The "uniqueness" of organic chemistry is 
not the result of some highly special quality of carbon 
as is often implied, but rather, the resultant of a par- 
ticular combination of qualities and circumstances 
none unusual by itself. In summary, these include: 
the small radius of carbon so that its bonds to hydrogen 
are stable; the electronegativity similarity between 
carbon and hydrogen; the unavailability of orbital 
vacancies or unshared electron pairs on. either carbon 
or hydrogen whén attached by single covalent bonds; 
the ability of carbon to form multiple bonds using its 
p orbitals; and the tetravalence of carbon. 

Transition metals absorb hydrogen lo a widely variable 
degree, forming interstitial compounds of stoichiometry 
depending on conditions and having properties somelimes 
resembling but generally unlike those of the major group 
hydrogen compounds. Vor example, in seandium, 
yttrium, and some of the inner transition elements in- 
cluding plutonium, MH: phases appear to occur in 
which, however, the composition tends to be more 
nearly MHi.s. Additional hydrogen can be dissolved 
in these phases. An MH; phase occurs in a few. The 
MH: phases are hydrolyzed by water and acids; the 
hydride of Ti, however, appears unaffected by water. 
In general the most tightly associated of the transition 
metals (those having d orbitals nearly half full) appear 
least reactive toward hydrogen. 

Metal-hydrogen bonds are found in a number of com- 
plex molecules or ions. Metals that may be so dn- 
volved include Ti, V, Cr, Mn, Mn, Fe, Co, Ni, Mo, Te, 
Ru, Rh, Pd, Ta, W, Re, Os, Ir, Pt. Although these 
complexes might be regarded as examples of hydride 
ion acting as ligand, the hydridic character if any is not 
necessarily evident. For example, although such com- 
plexes appear to be quite susceptible to oxidation, they 
resist hydrolysis and some tend to act as acids in water 
solution. Others, however, are basic. The nature of 
these complexes remains to be clarified. 

In summary, the chemistry of hydrogen depends 
largely on the fundamental nature of hydrogen atoms. 
Application of the principle of elect ronegativity equali- 
zation to the estimation of the condition of combined 
hydrogen with respect to charge leads to recognition of 
a consistent pattern of behavior of hydrogen compounds 
from which useful principles such as those listed here 
may be derived. In this sense it is possible for teachers 
to present the chemi of hydrogen as a self-consistent 
logical unit upon which a practical understanding can 
be based. 
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The purpose of this article is to sum- 
extensive and varied oxide chen 
self-consistent set of state- 
ments and principles applicable to the whole area. 
It is hoped that such a summary may prove useful to 
students eager to consolidate their learning, and to 
professional chemists for whom, as for most of us, the 
comprehensive view becomes increasingly clogged with 
masses of detail or inereasingly nebulous through 
preoccupation with other specializations. In general 
form, this article follows earlier papers of this series." 


marize the very 
of oxygen by means of a 


Bonding 

s can form two single covalent bonds or 
d, ordinarily a double bond. These 
| the electronic structure of the 
has a closed first shell of two 


electrons and a second and outermost shell having six 
electrons in the four s and p orbitals. "These electrons, 
in agreement. with the Hund rule of maximum mul- 
tiplieity, are spread out as far as possible among the 
four orbitals, and therefore although of necessity paired 
in two orbitals, occupy the other two singly: 1s, 
28°, 2p, 2p,, 2p: The two half-filled orbitals are the 
requisites for either two single covalent bonds or one 
double bond. 

When an oxygen alom form 
the angle between these two bi 
presence of the two unshared € 
oxygen. This bond angle may 
for in terms of hybridization 
bonds or coulombic repulsions among the four electron 
pairs, in cither explanation modified by the nature of 
the attached groups. For example, _complete hy- 
bridization of the unshared pair orbitals with the 
bonding orbitals would lead to the familiar tetrahedral 
configuration associated with sp hybridization. The 
bond angles thus resulting, 109°28 ; would be exactly 
the same if they were the simple consequence of 
coulombic repulsions among, the four electron pairs, 
causing them to become distributed as far apart on the 
atomic sphere as possible. However, the tetrahedral 
angle would be expected to be modified if hybridization 
were less complete, or consequence of steric or 


coulombie interactions between the two atoms bonded 
to the oxygen. Furthermore, m the coulombie in- 
terpretation, two unshared pairs of electrons would 
be expected to have greater repulsions than two bonding 
pairs since the former would be localized exclusively 


on the oxygen. They would therefore tend to force 


Oxygen alom 
one multiple bon 
abilities depend or 
oxygen atom, which 


s [wo single covalent bonds, 
onds is influenced. by the 
leclron. pairs also on the 
variou be aecounted 

(s eharacter) of the 


in 
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one another somewhat farther apart and the bonding 
pairs somewhat closer together, diminishing the bond 
angle. One would also expect that polarity of the 
covalent bonds could influence the bond angle slightly, 
partial monopolization of the bonding electrons by 
the oxygen causing them to resemble the unshared 
electron pairs in repulsive effects. But in practically 
all compounds for which the angle between two sin ie 
covalent bonds to oxygen is known, the angle is some 
where within the limits of 100 to 111°. Some repre- 
sentative examples are shown in Table 1. Notice, 
however, the principle below discussing the use of un- 
shared pairs. 


Table 1. Typical Angles between Two Single Bonds to 
Oxygen (in degrees) 
HO "(CHO TA. 
F:0 103.2 CHOH à 
Clo 110.8 FONO: s 


An oxygen atom can act as electron acceptor, joining to 
another atom through a coordinate covalent bond. Such 
action depends on the absorption of a relatively small 
amount of “pairing” energy by the oxygen so that one 
of the single electrons pairs with the other, leaving its 
original orbital completely unoccupied. The acceptor 
action of oxygen seems, however, relatively rare, being 
confined to its uniting with nitrogen in the amine oxides, 
such as (CH3);N:O. In all seemingly analogous com- 
pounds, such as the corresponding oxides of phos- 
phorus, the bonds to oxygen are significantly. shorter 
than expected for single bonds, indicating a double bond 
formation through utilization of the outer d orbitals on 
the phosphorus or other atom. Presumably such 
double bonding occurs wherever possible. The com- 
mon representations of such aggregates as sulfate, 
phosphate, and perchlorate ions as though they consist 
either of coordinate covalent single bonds or of “reso- 
nance structures” ineluding single bonds are inconsistent 
with the bond lengths and the general behavior of 
oxygen. 

Oxygen when combined through two single covalent bonds 
seems able under certain circumstances to utilize ils 
“unshared” pairs of electrons in the two bonds at least to 
some extent. This is suggested by bond angles in sili- 
cates and polyphosphates, for example, which are much 
larger than 109°. Some examples are given in Table 2 
Notice that in one compound, the bond angle is 180°, 
the maximum that would be expected from two bonds 
if they involved all the external electrons of the oxygen 
atom. Bond angles between 109 and 180° are believed 
to represent a condition of partial double bonding 
in which the outer d orbitals (or s-p orbitals if available) 
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are able to acquire the extra electron pairs of the ad- 
jacent oxygen atom only incompletely. 


Table 2. Some Examples of Angles between Two Partially 
Multiple Bonds to Oxygen (in degrees) 
in ZrP:0: 180 SiOSi in Na:SiO, 137.5 
POP m Bos’ 128 BOB in CoB,0, 140 
AsOAs in 45,04 197 SeOSe in SO 125 
SiOSi in Si;CLO 130 SiOSi in SiO, 142 


Oxygen when combined through two single covalent 
bonds or by a double bond has two additional pairs of 
electrons that may permit the combined oxygen to act as 
electron donor to a third atom. Usually only one pair is 
donated at a time. Hundreds or thousands of com- 
pounds are known in which combined oxygen forms ad- 
dition compounds or complex ions through donation 
of an electron pair by the oxygen atom. A typical 
addition compound is that of BF; and dimethylether, 
F:B:O(CH:)+ Elements which form complexes chiefly 
with donor oxygen are found mainly in major groups 
III-A, IV-A, V-A, VI-A, and VII-A. In addition, oxy- 
gen complexes are formed by lithium and sodium, all 
the II-A metals, and the transition elements from II-B 
through VII-B, as well as iron.? 

Under special conditions, oxygen appears to form bonds 
of higher order than 2, up to 3. Familiar examples are 
nitric oxide and carbon monoxide. The former can 
be represented as involving single electron resonance 
and thus having a bond order of 2.5. The latter can be 
accounted for if one electron is transferred from the 
oxygen to the carbon, leaving each with an electronic 
configuration resembling that of a nitrogen atom, and 
permitting formation of a triple bond between the two 
atoms resembling the very stable triple bond of the 
nitrogen molecule: 


:C=0: 


When electrons are exceptionally easily available to it, as 
from the alkali metals of higher atomic weight, molecular 


: " The oxygen 
atoms in the crystalline aggregates of these compounds 


those of the other highly electronegative elements, 
chlorine, nitrogen, sulfur, ete., with oxygen. 


Physical Properties 


If in the simplest oxide molecule that might form under 
ordinary conditions, any low energy orbitals on the other 
element are left emply and uninvolved in the bonding, the 
oxide will invariably condense to larger aggregates, pre- 
sumably making fullest possible use of the otherwise 
vacant orbitals. This is an example of the general 


? Baiar, J. C., Editor, “Chemistry of the Coordination Com- 
pounds,” Reinhold Publishing Corp., New York, 1956. 
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tendency for chemical combination to continue if 
possible until all available low-energy orbitals are 
utilized, in one way or another, in the bonding. 2 
Such compounds as NaO, CaO, and ALO; therefore 
exist as highly condensed aggregates rather than in- 
dividual molecules. 

If in the simplest oxide molecule that might form, all 


all, only through relatively weak van der Waals inter- 
Examples are CO:, SOs, P.Oy, and ClO, in 


cules may become giant polymers if they have double bonds 
that are less stable than two single bonds. 


TeO; do not represent the c 
under normal conditions, for t] 


polymeric. When faced with such problems as why 


CO: is monomeric and SiO, is polymeric, we need to 
recognize three factors 


bon, nitrogen, and oxygen appear to form double bonds 
easily using only s and P orbitals, 
principal quantum shell seem: 


Second, when outer 
e may become utilized in 


In the example 
because 


rd orbitals not available in 
Single” bonds to oxygen, 
Cgative than carbon and 


m the oxides, Silicates 
Phates also but less stabl ioxi 

sulfur troie quis Y 80, and sulfur dioxide and 
(SO;), whereas the 
molecular Species, 


tending to be higher, the 

Evidence of this is given in T 
that the coordination number of ox: 
ly one for each ti 
- In the transit 


egative charge. 
It will be observed 


c at: 

very approximate, however, because T d 
as to the clectronegativities, and therefore Partial 
charges, of the transition elements, The possible 


significance of this relationship is discussed under the 
following principle. 

The solid oxides, which are nonmolecular because the 
simple molecules would have vacant outer orbitals, in 
cluding even those conventionally described as “tonic, 
are probably more accurately described as “coordination 
The argument developed here is that re- 
cently proposed. The concept of “ionic” oxides 
requires that oxygen atoms remove electrons coms 
pletely from metal atoms, forming O7 ions and metal 
cations. Since both types of ions must always be 
formed endothermically, the necessary requirement of 
energy is rationalized by the conventional keen 
that it is more than adequately supplied as el m ro- 
static energy evolved when ma Sipon pod 
come together in the crystal. But à i 
Tenores the vital facts that positive ions have a ae 
attraction for electrons (not the whole negative tone d 
that negative ions are able to supply Saeed ae 
ineredible, for spé that ae aa aule 
lose its two extra electrons Wi hy 
168 kcal per mole, would sit. unaffected comp! 
nor at close range by six so iom m a 
which could acquire two electrons with a = a ae 
about 415 keal per mole. It is equally ra hr 
a calcium ion could sit completely “as BU ike 
such oxide ions without affecting them. es. 
valence electrons must be shared pers een a quas 
ments under such conditions, for they 


ceivably be monopolized by one- 


Coordination Number and Charge of Oxygen in 
Some Major Group Oxides : 
Charge on O C. N. 


polymers." 


Table 3. 


Charge on O C. N. 


=0.57 S 
8 cad 
Rio -0:92 8 MgO -0:42 6 
Ko Los 8 Be E 4 
T —0.81 8 ALO: zoo E 
DD 0.80 8 BO: 0:34 2 
d Z067 6 SO o 3 
E Zoe 6 Co 
LA —0. 


d Approximate Charge 


r an 1 
psg ransition Metal Oxides 
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interpret the calculated partial charges of 0.57 on cal- 
ciumand —0.57 on oxygen to mean that on the average, 
an oxygen atom holds 6.57 or 82% of the eight valence 
electrons leaving 1.43 or 18% to the calcium. 

To be rationalized next is the 6:6 coordination in 
CaO if the bonds are coordinate and yet only eight 
clectrons and four orbitals per atom are involved. 
The relatively high negative charge on oxygen makes 
it a very good potential donor. It can evidently form 
a more stable aggregate by grouping more acceptors on 
a “part-bond” basis than by restricting the number of 
acceptors to the number of electron pairs available. 
Similarly, the calcium can evidently serve more effec- 
tively as partial acceptor to more donors than as full ac- 
ceptor to fewer donors. In other words, a kind of 
coordination resonance may be imagined, in which six 
bonds of order 0.67 impart greater stability than would 
four single bonds. 

Why should such partial bonding give greater sta- 
bility? This is not altogether different from the situa- 
tion in metals. As a general principle,’* partial 
sharing of electrons among many orbitals and atoms is 
energetically more favorable than full sharing between 
fewer orbitals and atoms, presumably for the following 
reason: When outside electrons are attracted to an 
atomic nucleus and become increasingly closely asso- 
ciated with it, the interelectronic repulsions increase 
more rapidly than does the nuclear attraction. The 
initial partial gain of electrons is therefore proportion- 
ately more exothermic than the subsequent complete 
gain. 

When the charge on oxygen is too low to permit a 
coordination number larger than the number of avail- 
able atomic orbitals, then conventional coordination 
bonds of the localized electron pair type can and do 
form. For example, in ZnO where the charge on oxygen 
is estimated as —0.29, each zine atom is joined at the 
corners of a tetrahedron to four oxygen atoms and each 
oxygen atom is similarly joined to four zine atoms. 
The solid structure thus consists of a giant three- 
dimensional network polymer. 

The transition metal oxides differ from the major 
group oxides by the utilization of underlying d orbitals 
which tend to offer greater variety and strength of bond- 
ing. They also appear to exhibit a greater variety of 
compositions, in which deviations from the conventional 
stoichiometries are common. Here too, nevertheless, 
their description as “coordination polymers" seems 
superior to their usual designation as ionic solids. 

The physical properties of oxides depend only indirectly 
on the nature of the simplest possible formula unit, but 
directly on the state of aggregation. If the oxide is of 
simple molecules, there may be slight dipole-dipole 
interactions but these cannot be great because the bonds 
are not very polar, as proved by the fact that the oxide 
is molecular. The chief interactions will then be van 
der Waals attractions and inter-cloud repulsions, the 
result being, ordinarily, very low melting and boiling 
points and relatively high volatility. The crystalline 
state is expected to be soft. Since intermolecular dis- 
tances are in such compounds substantially greater than 
bond lengths, the compounds would also be expected to 
be relatively low in density. 

Polymeric or "giant molecule" oxides cannot change 
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phase on heating without the breaking of relatively 
strong polar covalent bonds. They therefore tend to be 
high melting, relatively nonvolatile Substances, and 
fairly hard. This refers to oxides joined together by 
relatively localized covalent bonding. No clear line 
of distinction can be drawn between such compounds 
and those in which the coordination number of oxygen 
exceeds 2, for the range from “covalent” to “coordina- 
tion polymers" and/or “ionic” bonding can be very 
gradual. In general, however, these states of aggrega- 
tion have in common high bonding strength, with 
consequent high melting points and low volatility. 
Table 5 lists typical examples both of relatively non- 
polar and relatively polar oxides, together with some of 
their properties. 


Table 5. Partial Charge on Oxygen and Properties of 
Some Typical Oxides 


AH;° /equiv. 


Compound Charge on O 


I 
E 
tohoueoÓccu 
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eo 


Chemical Properties 


The abilily of oxides lo act as oxidizing agents tends to 
be highest for those with least polar, and consequently least 
stable, bonds and to diminish with increasing partial nega- 
tive charge on the combined oxygen. The oxidizing powers 
of such compounds as oxides of chlorine, oxides of nitro- 
gen, sulfur trioxide, and the highest oxides of some of 
the transition elements, such as CrO; and Mn,0,, are 
well known. On the other hand, oxides in which the 
partial charge on oxygen is relatively high have no 
oxidizing power except under extreme conditions, such 
as those under which magnesium oxide oxidizes ferro- 
silicon in the commercial production of metallic mag- 
nesium. This quality of combined oxygen stems from 
the greater stability associated with bond polarity, such 
that oxygen tends to leave a compound in which it is 
only slightly negative to form a new combination in 
which it is more negative. Stated differently, the 
oxygen does not lose much of its eleetronegativity in 
combining with other elements of high electronegativity 
or when competing with several other oxygens or other 
highly electronegative atoms for a very limited supply 
of electrons. It retains its electronegativity and there- 
fore oxidizing power in the compound. But in combi- 
nation with elements that supply it with relatively high 
negative charge, oxygen retains little or no clectronega- 
tivity and thus no appreciable oxidizing power. Bonds 
of oxygen to larger atoms such as gold, mercury, 
thallium, lead, and bismuth may be unstable regardless 
of polarity and if so, the oxides will naturally have good 

oxidizing powers as sources of free oxygen. 
One of the most misleading aspects of the conven- 
tional use of oxidation numbers is the ascribing of 
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oxidizing power exclusively to a high positive oxidation 
state in compounds that include such a state. The 
oxidizing power of CrO;, for example, is said to be the 
result of the presence of Cr**, and the oxygens are all 
assigned the oxidation number of —2. In fact the oxy- 
gens can bear only slight negative charge in this com- 
pound and its oxidizing power can much better be de- 
scribed as resulting from both elements, but principally 
the oxygen. In any reaction in which CrO; acts as 
oxidizing agent, the chromium becomes less positive and 
the oxygen becomes more negative. The chromium 
atom, which in CrO; probably does not even remotely 
resemble a Cr+ jon, is just as electronegative as the 
oxygen, in the compound, if the principle of eleetronega- 
tivity equalization is applicable. However the chro- 
mium has little attraction for any electrons beyond its 
own so it is reasonable to ascribe the oxidizing power 
primarily to the oxygen. 

Similarly, the oxidation of sodium metal by water is 
thought of, in terms of oxidation number, as simply the 
reduction of positive hydrogen by the sodium, the 
hydrogen thus being the oxidizing agent. In fact, how- 
ever, both the hydrogen and the oxygen in the hydroxide 
ion must have much greater control of electrons than 
they did in the water, Oxygen bears a partial negative 
charge of —0.25 in water but in hydroxide ion the 
charge is —0.67. Clearly it is not realistic to regard 
that hydrogen which becomes molecular hydrogen in 
the reaction with sodium as the sole oxidizing agent. 
The true agent is water. 

The principal fundamental characte 
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in the compound. The other clement, to the extent 
that it can act as acceptor, can be fully satisfied by its 
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basic and acidic, are listed in Table 6 together with 
their partial charge on oxygen. 

Neutralization of an acidic oxide by a basic oxide is 
essentially the acceplance by the acidic oxide of the basic 
oxygen as donor. The bond usually becomes multiple 
rather than remain simple coordinate, however. For 
example, the reaction between CaO and SO; involves 
acceptance of the partially negative oxygen from CaO 
by the SOs, but the S—O bonds in the sulfate group have 
apparently a bond order close to or equal to 2. 


Table 6. Partial Charge on Oxygen and Acid-Base 
Properties of Some Oxides _ 
medium, W = weak; A = acid, B = base, 


S = strong, M = k 
AB = amphoteric 


Compound Charge on © Acid-base 
Na0 —0.81 SB 
Ti Zo:s0 SB 
MgO —0.42 WB 
BeO —0.35 AB 
ALOs =0.31 AB 
BOs —0.24 WA 
SiO: —0.23 WA 
P.Oi —0.13 MA 
CO; -0.11 WA 

O: 0.06 SA 
NO. =0.05 SA 


ClO; —0.01 


The action of waler on oxides, whenever definite com- 
pounds other than simple hydrates are formed, is the reac- 
tion between an acidic and a basic oxide. W ater itself, 
like other oxides in which the negative partial charge on 
oxygen is of intermediate magnitude, may Bey pa en 
tor (acid) or donor (base), as determined by t ng condi- 
tion of oxygen on the other oxide. It may act as ac- 
ceptor through its protons: 

CaO + H:0 + (Ca—OH* + OH-) 
(CaOH * + OH-) — Ca(OH): 
Or, it may act as donor through its oxygen: 
SO; + H:0 > H:0:80; — H:S04 
3 "m > aaa AR 
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and the relative extent of localization of the electron pairs 
for donation. The acid dissociation of a hydrogen com- 
pound in water may usefully be regarded as a competi- 
tion between water molecules and anions of the acid. 
each acting as electron donor to a proton: : 


HA + H:0 = A- + H* + HO = A- + H,0+ 


We may compare water molecules with the anions, with 
respect to their ability to provide an electron pair to a 
proton. When the acid under consideration is a 
hydroxy acid, the donor in each case is oxygen. The 
difference in donor ability is the result of a difference in 
the condition of the combined oxygen in water and 
anion. 
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O 
HClO, 
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Partial charge on oxygen in anion 


Figure 1. Relation of acid strength to partial charge on oxygen in 
oxyonion. (Points unlabeled represent the following acids with thei 
pK values: HSiOs~, 12; HBO», 9.2; HOBr, 8.7; HOCI, 7.6; HSeO, ^, 2.1; 
HsSeO,, 2.6; H:TeO;, 2.5; HClOz, 2.0; H;PO;, 2.0; H;SO;, 1.8; HPO, 2.1 
H:S:O;, 0.6.) 

The principal factor contributing to the donor ability 
of combined oxygen is its electron supply, which can be 
measured as partial charge. The higher the negative 
charge on oxygen, the better able it is to contribute an 
electron pair to coordinate a proton. On this basis we 
may expect a rough correlation between acid strength 
and the partial charge on oxygen in the anion. The 
lower this charge, the.less able is the anion to compete 
with water and therefore the stronger the acid. "The 
extent of this correlation is indicated in Figure 1. Al- 
though other factors obviously cloud the picture, one 
may observe that strong oxyacids in general have a 
partial charge on oxygen in their anion less than —0.3, 
anions of moderately weak oxyacids tend to have a 
partial charge on oxygen greater than —0.3 but less 
than about —0.5, and most acids are very weak which 
yield anions in which the charge on oxygen is greater 
than —0.5.* 

Another factor, mentioned in the preceding principle, 
is the nature of the bonding of the oxygen in the anion, 
whether single or double. This factor may possibly be 
important in explaining pK differences among acids 
where the oxygen charge in the anion is nearly the same. 
For example, the charge on oxygen is about —0.44 in 
the anions of Hs3IO;7, H;O» H;PO,-, HSeO,;-, and 

4Sanperson, R. T., “Chemical Periodicity,’ Rei 
lishing Corpu New Yol, poe UNUM Wen iS: 
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HSO,-, whose pK values are 15, 11.7, 7.3, 2.1, and 2. 
It may be observed that the first two each possess two 
singly bonded oxygens per anion, and the third, one, 
while the last two have only doubly bonded oxygens. 
However, this concept appears to account for gross 
differences only and does not appear to be consistently 
uscful for straightening out the correlation of Figure 1. 
Other factors that would appear likely to influence the 
extent of acid dissociation of any hydrogen compound 
may be recognized from a consideration of the differ- 
ences between two solutions, one containing the un- 
dissociated acid and the other its ions. Dissolution of 
these species must have a disruptive influence upon the 
dynamic structure of the water solvent that is different 
for the molecules than for the ions. In other words, 
the protonic bridging among water molecules may 
be broken down by one more than by the other. Fur- 
thermore, the interaction between water and acid mole- 
cules must certainly differ from that between water and 
the ions formed by dissociation. In addition, a not 
inconsiderable reorganization energy must be involved 
in the change from molecule to anion. Since all oxy- 
acids must differ from one another with respect to these 
energy changes associated with dissolution and dissocia- 
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tion, it is not at all surprising that the condition of the 
combined oxygen as measured by partial charge can 
serve only as a very rough guide to understanding the 
relative strengths of oxygen acids. 

The same principles that apply to oxides of different 
elements apply equally well lo different oxides of the same 
element. As the competition among oxygen atoms for 
the valence electrons of a given atom increases, each 
oxygen becomes bonded less firmly by a less polar bond. 
This leads not only to reduced thermal stability, but 
also to weaker association productive of lower melting 
and boiling points and higher volatility. It causes the 
oxide to be less basic, more acidic, more of an oxidant. 
For example, MnO is a very stable solid having a stand- 
ard heat of formation of —46 keal per equivalent, 
melting at 1785?, weakly basic, and nonoxidizing. 
MnO; is too unstable a solid to be melted without de- 
composition, having a AH ?? of —31 kcal per equivalent, 
and is amphoteric and oxidizing. MneO is a liquid 
melting below 209, very unstable, strongly oxidizing 
and strongly acidic. Although the exact partial charges 
on oxygen in these compounds are unknown, there is 
little reason to doubt that they become very substan- 
tially smaller from MnO to Mn,0,. 
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The chemistry of the halogens covers à 
range far too wide to permit easy acquisition of a com- 
prehensive yet well-organized picture: In an effort to 
pull together loose ends, to recognize unifying princi- 
ples, and to help to compress the chief substance of this 
vast subject to something approaching the capacity of 
the average human brain, this paper has been written. 
It follows the general pattern of preceding articles in this 
series on chemical bonding (1), chemical reaction (2), 
and hydrogen chemistry (3). 

The halogens, namely fluorine, chlor € 
iodine, are characterized by their similar electronic con- 
figurations which feature seven electrons in the outer das 
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Principles of Halogen Chemistry 


states, the halogens can be expected to differ according 
to whether the penultimate shell is 8 (chlorine) or 18 
(bromine and iodine). 

The physical state of the halogens is determined by their 
existence as diatomic molecules and by the strength of van 
der Waals forces among these molecules. The diatomic 
molecules are the natural result of the limited bonding 
capacity of the halogen atoms, cach of which can form 
but one single covalent bond. The van der Waals 
attractions among these diatomic molecules, being in 
general proportional to the population of the clectron 
clouds and also inversely proportional to the tightness 
with which these electrons are held, are weakest in 
fluorine and increase as the halogens become larger. 
Table 1 gives the polarizabilities of the halogens and 
some of the physical properties which reflect the 
strength of the intermolecular forces. It will be ob- 
served that these properties all vary in the predictable 
direction. 


Table 1. Some Properties of the Halogens 


F: Ch Br. 5 

Atomic number " 17 35 53 
Electrons/molecule 18 34 70 106 
Electronic configura- 

tion -7 2-8-7 2-8-18-7 2-8-18-15-7 
Polarizability X 10%, 

ce, le -— 4.50 6.43 x 
Bond length (À) 1.44 1.99 2.28 2.66 
Dissociation energy 

(kcal/mole) 38 57.2 45.4 35.6 
Heat of atomization 

(kcal/mole) 38 57.2 53.4 51.0 


First ionization 
ar of atom 
(keal/mole) 

Eleetronegativity 

Melting point (°C) 

Heat of fusion 
(keal/mole) 

Boiling point (°C) 

Heat of vaporization 
(keal/mole) 0.78 2.44 3.59 4.99 


The chemical reactivily of the halogens, to the extent 
that it depends on dissociation of the diatomic molecules, 
is generally high since the dissociation energies are rela- 
lively low, especially that of fluorine. The halogens as a 
group are quite reactive under relatively mild condi- 
tions. Fluorine is especially reactive, which may in 
part be a result of its low dissociation energy (sce Table 
1. This in turn has been explained as resulting from 
interference of nonbonding electron pairs on the adja- 
cent atoms when they are bonded together. Such an 
interpretation is consistent with the well-known ten- 
deney of carbon, nitrogen, and oxygen to unite by 
multiple bonds, showing that when a single bond is 
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formed between period 2 atoms, additional orbitals are 
brought close enough for interaction. t 

Bond energies of halides, per halogen atom, consistently 
show that the bond strength decreases in the order, fluoride 
> chloride > bromide > iodide. Some typical examples 
are given in Table 2. 


Table 2. Bond Energies of Some Typical Binary Halides 
(Heats of atomization per equivalent) 
Fluoride Chloride Bromide Iodide 
Li 164 7 
Na 7 
Mg H 
Ca 7 
Al S 
C y 
Si 
Pot) ide 
As(IIL) 1149 


Bond energies of binary halides are in general directly 
proportional lo the partial charge on halogen and the bond 
order, and inversely proportional to the bond length. An 
empirical equation representing this relationship is the 
following: 

dy = AnH/R+B 


where 5x is the partial charge on halogen, n is the bond 
order, H is the heat of atomization per equivalent, and 
A and B are constants characteristic of the halogen. 
This relationship holds for practically all solid binary 
halides and approximately for most liquid or gaseous 
molecular halides as well (4). 

Whenever the simplest possible binary halide molecule 
would possess unoccupied low energy orbitals, in addition 
to the unshared electron pairs always present on the halogen 
atom, the molecules condense to a more highly associated 
state under ordinary conditions, and possess the physical 
properties predictable for such a state. This condensation 
is to what is called the ionic state when the bond pol: 
is high and to what might be called coordination 
mers when the polarity is less. These are probably 
different degrees of the same phenomenon, which is a 
general tendeney for molecules to make maximum pos- 
sible use of all available outer orbital vacancies (1). 
The coordination number of the halogen atom in these 
condensed states is at least partly dependent on the 
amount of partial negative charge it bears. Even in the 
most ionie crystals, bonding may usefully be regarded 


larity 
poly- 


as essentially donor-acceptor interaction, with all outer- 
most electrons acting as valence electrons and all par- 
tially positive atoms furnishing all available vacant 
outer orbitals as acceptors (4). The coordination num- 
ber of the halogen depends chiefly on its partial charge 
but also on its original electronegativity. The donating 
power is greater the higher the negative charge but 
lower, the more electronegative the donor atom was 
initially. For this reason, fora given amount of charge, 
halogen coordination number tends to increase in the 
order F-CI-Br-I. 

Properties such as melting point, heat of fusion, 
boiling point, and heat of vaporization reflect the mag- 
nitude of the forces of aggregation, and thus tend to be 
higher for more polar compounds in closely coordinated 
lattices, and also higher in the sequence, iodides, bro- 
mides, chlorides, and fluorides. Some illustrative ex- 
amples are given in Table 3. 

The only known exceptions to this principle are the 
boron halides, which presumably have one vacant 
orbital if the three halogen atoms are attached to the 
boron by single covalent bonds, and yet are molecular, 
being monomeric in the gas phase. In these it is pos- 
sible that the otherwise vacant orbital on boron becomes 
involved in partial double bond formation, using other- 
wise unshared electron pairs on the three halogen atoms. 
In part at least, this hypothesis is supported by the 
shorter than expected bond length in BF, and by the 
order of Lewis acid strength incre sing from BF, to 
BBr; (2), in keeping with the diminishing ability of the 
larger halogen to become multiple bonded to the boron. 
The aluminum halides appear to use the fourth alumi- 
num orbital on the monomer to form dimeric molecules 
by halogen bridging (except for aluminum fluoride 
which condenses more highly), and all other halides 
condense even further if orbital vacancies would other- 
wise be left free. 

Halides in which the halogen has acquired. relatively 
large negative charge tend to be high melting and low in 
volatility. This is very similar to the preceding principle 
because the kind of element from which halogen can 
acquire relatively high negative charge is that which is 
low in electronegativity and thus uso a metal having 
more outermost vacancies than valence electrons, per 
atom. Bi halides that contain highly polar bonds 
ther fore invariably would have also va ant low energy 
orbitals in the simplest possible molecules. Condensa- 
tion to make fuller use of these orbitals therefore occurs. 
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Table 4. Properties of Some Halides with Relatively Low Charge on Halogen 


Charge on AH? pasion =a = 
halogen (kcal/mole) bp (°C) (kcal/mole) alu 
SFe —0.05 1.20 Š 

AsF; —0.11 25 5.46(s) m 
IF —0.06 d ó fy 
GeF; Z016 
NE —0.07 

WF 

cc —0.06 ? 

PCh —0.10 don 

TeCh —0.06 Re 

ICI —0.13 1.8 

BiCh —0.11 26 

&Cl —0.09 pe 

TaCls Fe: 

WC ae 

BBrs —0.11 

SiBr 0.11 

SbBrs —0.07 

TeBr: —0.07 

Asl; 0 

Tel. —0.01 

Sil, —0.07 


This effect is usually indistinguishable from a so-called 
cation-anión attraction, or an attractive electrostatic 
interaction among polar bonds. The physical proper- 
ties (Table 3) are those predictable for such highly 
condensed aggregates. ‘ 

Whenever p? Srna possible binary halide molecule 
contains no available low energy orbital vacancy, no 
further condensation of the compound is possible except 
‘through relatively weak van der Waals interactions. Con- 
sequently the physical properties of such compounds 
can be predicted to be consistent with the molecular 
state. All such compounds are molecular, and if solid, 
are relatively low melting, and volatile, involving only 
relatively small enthalpy changes 1 a 
Many are liquid or gascous at ordinary tem- 
Bonds in such compounds are of generally 
, which itself would limit the force of inter- 
y But both low polarity and lack 
ls occur together, since elements 
any or more outermost electrons 
fore can leave no vacancies after 
lements which are relatively 
erefore cannot form very 
Some typical molecular 
of their properties in 


of phas 
peratur 
low pola 
molecular attractions. 
of unoccupied orbital: 
whose atoms have as n 
as vacancies and there! 
covalent bonding are also el 
high in clectronezativity and th 
polar honds with the halogens. 
halides are listed W ith some 
Table 4. 

Halides in which 
negative charge tend to 
effect, this is nearly 
Compounds of mi 


the halogen has not acquired much 
be low melting and volatile. In 
equivalent to the preceding 
gens with elements that 
up electrons ¢ sily ha weak intermolecular 
r two reasons. One s the low polarity of 
bonds between elements both of which are ao 
high in clectronegativity affording little cipal spe e 
tion. The other is the absence of outer or pital 
es on atoms of the more electronegative cle- 
ve formed their quota of conventional 
covalent bonds, thus elimi ating the possibility of con- 
densation through donor-acee ptor interaction. 
Compounds of halogens wit helements that do give up 
electrons easily may also have low negative charge per 
halogen atom if several halogen atoms are competing 
for the electrons of the same other atom. The electro- 
negativity of the central atom IS increased to the extent 


principle. 
do not give 
attractions fo 


intera 
vacanci 
mentsonce they ha 


that electrons are withdrawn from it, so that when 
several halogen atoms are pulling on its electrons, the 
central atom relinquishes only a little to each " Not 
only is each bond therefore less polar, but also the 
central atom commonly is so well surrounded by the 
halogen atoms that the exterior of the molecule is 
essentially all halogen and there is no opportunity for 
strong intermolecular attractions. Some examples of 
halides of low charge on halogen and their physical 
properties are given in Table 4. j 
: The oxidizing (or halogenating) power of halides is 
inversely proportional to the partial negative charge on 
halogen. An atom of halogen does not lose its potential 
electron-attracting power merely by forming a covalent 
bond. j It must succeed, through forming this bond, in 
acquiring substantial partial negative charge to become 
reduced in electronegativity. Otherwise it remains, in 
the compound, a potential halogenating agent from 
which the halogen may break loose if more favorable 
control of electrons becomes available to it from some 
other atom. All compounds in which the partial 
negative charge on halogen is not very high are therefore 
potential halogenating agents. These include not only 
halides of elements initially high in electronegativity 
but also polyhalides of elements initially low in 
electronegativity, in which the competition among 
halogen atoms prevents acquisition of substantial 
negative charge by any one of them. The compounds 
of Table 4 are all examples of potential halogenating 
agents. The case of reaction will of course vary 
widely, depending on the available mechanisms by 
which the reaction might occur. We would not think, 
for example, of CCl: or SF; as active halogenating 
agents at ordinary temperatures, not beeause they can- 
not give up halogen or because the halogen in them is 
already highly negative, but beeause the means of 
doing so is limited by their structures which protect the 
bond to halogen from outside influence under these 
conditions. Mixing such compounds with strong re- 
ducing agents in a reactive form is therefore certain to 
be potentially hazardous since once it starts, reaction 
may be expected to be highly exothermic and probably 
autocatalytic. à 
On the other hand, halides having highly negative 
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halogen cannot be very active oxidizing agents because 
their halogen has lost most of its electronegativity by 
combining. Sodium chloride, for example, is in no 
ordinary sense an oxidizing agent. But as the negative 
charge becomes less, a halide gains in oxidizing power, 
and becomes capable of oxidizing strong, and then 
weaker, reducing agents. 

The reducing power of halides is directly proportional 
to the partial negative charge on halogen, and for the same 
partial charge increases in the order F-C-BrI. The 
halide negative ions have the highest reducing power 
possible for halogen, but since the initial electro- 
negativity of all halogens is relatively high, they cannot 
be expected to give up electrons very easily once they 
have acquired them. Iodide ion is the best reducing 
agent of the group in keeping with its lowest initial 
electronegativity. Fluoride ion cannot be reduced 
except by a positively charged electrode because no 
chemical agent can remove the extra electron in com- 
petition with fluorine. The electrode oxidation poten- 
tials for the reactions 2 X- = X, + 2e- are: fluorine 
—2.87, chlorine —1.36, bromine —1.07, and iodine 
— 0.54 v. 

The greater bond energy of the smaller and more 
electronegative oxygen combined with other elements 
makes their bromides and iodides especially susceptible 
to atmospherie oxidation. As might be expected, the 
halogens may also be displaced from their halides by 
more electronegative halogens. 

Although halogen atoms themselves cannot ordinarily 
function as electron acceptors, their compounds can if the 
simplest molecules would contain outer shell low energy 
vacant orbitals. This property is, however, primarily 
that of the element other than halogen, although the 
property is enhanced by electron withdrawal from the 
central atom by the halogen atoms. It results in the 
formation of many complexes, including complex 
halides where the donor is more negative halogen from 
another compound, such as the halide ion forming 
BF,- or PFs~. Some of the best known Lewis acids 
are boron and aluminum halides; any other metallic 
halide might so function, to the extent that the metal 
atom can act as acceptor. As mentioned earlier, such 
reaction among like molecules can lead to association 
such as dimerization of AIC]; or polymerization of ZnCl. 
Between unlike molecules the reaction can produce a 
large number of molecular addition compounds such as 
BF;-O(CH;);. 

The complexing ability of halides as donors is pro- 
portional to the partial negative charge on halogen. The 
charge on fluorine (—0.25) in HF, for example, is 
insufficient to permit the fluorine to form stable com- 
plexes as donor. Acids such as HBF, or HPF, are 
only hypothetical and exist only as the ionized form in 
solution, where the negative fluoride ion is the donor. 
Similarly, complex chlorides are not formed by HCl in 
which the charge on chlorine is 70.16 although more 
negative chlorine. especially chloride ion, readily forms 
them. As already mentioned, such complexing results 
in condensation of metal halides to ionie or polymeric 
crystalline forms, in many of which halogen bridges 
hold the metal atoms together. 

Only hydrogen fluoride of all the hydrogen halides is as- 
sociated at ordinary temperatures by protonic bridging, 
because fluorine alme of the halogens offers its outer 
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electron pairs in sufficient spatial concentration to allract 
a partially positive hydrogen or a proton. The require- 
ments for protonic bridging are attached hydrogen 
bearing partial positive charge, and a small negatively 
charged atom having unshared outer electron. pairs 
available. All the hydrogen halides satisfy the first 
requirement (although hydrogen iodide would satisfy 
it least). The second requirement is not met by larger 
atoms because, apparently, an electron pair spreads out 
to the greatest possible extent and thus becomes less 
available to a protonic hydrogen of another molecule, 
In fluorine the smaller area available per electron pair 
restricts the negative charge to a region where more 
effective interaction with a positive hydrogen can occur, 

The availability of an electron pair on fluoride ion is 
greater than on the fluorine in HF, so if protonic 
bridging can occur in HF it certainly ought to occur 
between HF and a fluoride ion. If it should, however, 
there would be, in effect, two fluorine atoms competing 
for the same hydride ion or two fluoride ions competing 
for the same proton (6). Neither of these hypothetical 
possibilities could result in an unsymmetrical bonding 
arrangement, because to the hydrogen the two fluorines 
must be exactly equivalent, A symmetrical bifluoride 
ion therefore results: (F—H-F)-, Hydrogen here is 
clearly divalent, which apparent violation of the Pauli 
exclusion principle may be rationalized by pointing out 
that the average occupancy of the hydrogen orbital does 
not exceed two electrons, but is only 1.04. This 
interpretation obviously distinguishes th 
from examples of ordinary protonic brid 
tion borne out by the much higher bond energy (25-30 
kcal instead of 5-10) in the bifluoride ion and the even 
spacing of the hydrogen halfway between the fluorines. 
Evidence of similar bihalide ions of the other halogens 
has recently been reported (7), 

The hydrogen halides increase im acid stren 
hydrogen fl uoride lo hydrogen iodide, 


e bifluoride ion 
ging, a distinc- 


gth from 
The same factors 


If the electron pair on the halide ion is 
concentrated within a small enough area, as in fluoride 
the proton can be effectively coordinated to it, Other. 
wise, the coordination is weaker. The acid strength of 
a hydrogen compound in a solvent is a function of the 
competition between solvent molecules and hydrogen 
compound anion for the proton. The greater the 
relative donor ability of the solvent, the greater the 
acidity. In a solvent such as water, only fluoride of the 
halide lons is an effective competitor at ordinary 
dilutions, with the result that hydrogen fluoride is a 
weak acid but the other hydrogen halides are strong 
acids. In water these others become leveled to the 
su eet anchor ion, but in more acidie solvents 

€ strength (as pro ') is sl j i i 
ks order HF CH or) is shown to increase in 

The halogens differ from one another most notably in 
their positive oxidation sales. The electronic basis for 
these differences Was partly explained under the third 
principle. In addition, the differing clectroncgativities 
ounds in these states, 
- ly by fluorine and oxygen, 
whose high clectroncgativity gives them power to 
promote electrons from the P orbitals of chlorine, bro- 
mine, and iodine to the outer @ leve 


Each such 


promotion of one electron produces a new half-filled 
orbital and leaves behind a half-filled orbital, simultan- 
cously creating the requisites for forming two new 
covalent bonds. The oxidation states thus observable 
are therefore —1, 0, 1, 3, 5, and 7. Formal oxidation 
states having other values (e.g, 4 and 6) are also 
observed but only where multiplicity in the bonding 
makes uncertain the actual number of electrons in- 
volved. 

Before attempting to explain differences among 
chlorine, bromine, and iodine in these states we must. 
consider what these differences are. In the +1 state, 
we find all three forming fluorides XF, presumably. 
That is, CIF is most stable, but BrF, and IF if it is 
formed at all, appear rapidly to disproportionate form- 
ing bromine or iodine and higher fluorides. Similarly, 
Cl,0, although not very stable, is most stable of the 
three, BrO is stable only below — 40?C, and I,O has not 
been isolated. None of the hypohalous acids has been 
isolated because of their instability. The very weak 
hypochlorous acid and its salts slowly lose oxygen from 
the salts less rapidly. Disproportionation 
c and chlorate. Hypo- 
being much less stable 
romide 


solution, i 
occurs readily, forming chlorid 
bromous acid and salts differ in 


and much more readily disproportionating to br 
d is much weaker. Hypo- 


and bromate, and the aci : 

iodous acid is weaker still, pedo gn more d p 
idi ss ard decomposition an 
cidie, and even less stable towar 0 

d Fluorine forms CIF; 


disproportionation than HOBr. 
1 nn rs to be unknown. 


and BrF;, but IF; appca c } n 
No halogen oxides having halogen m the +3 state are 
known, but one v unstable acid, HOCIO, rp 
resenting this state exis in solution and as unstal ble 
salts. Similar compounds of bromine and iodine are 
unknown. 
Chlorine docs not form fi 


romine and iodine both foi 
a Mt very stable, BrFs a little more Seni. 
but quite reactive as fluorinating SEE 2 cen 
chlorine nor bromine form (V) oxides je iodine ae 
the stable 1:05, which appears to be a polymeric solid. 
Although both chlorine 


and bromine form halic acids in 
i a 
aqueous solution, too unstable to be isolated, of formul: 
orms the sí 


iodi ble HOIO; which loses 

HOXO,, iodine f tal 
water when heated mildly to form H Os thana p 
dehydrated completely to 1:06 by heating al d. A 
Iodic acid tends to polymerize m solution; tir y 
strong but weaker than either RA T mana nee : 

ide is tha ; 

The only halogen heptafluork le t | 
ias bound that as expected is an active 


inati ane forms the (VII) oxide, 
fluorinating agent. PESEE unie OF arei 


Cl,0;, but no such comp: à ; 
Eun Perehloric Mm. ced Ln seg bec 
is the t stable of the oxy d s sa 
sius d the most pa salts. Lib aus 
i xnowr 
ls of bromine are no 1 à 

pe period acid of formula Hs1O, à y sr or 
acid forming fairly stable salts. Such salts also 


ition of iodates. E » 
omes following other compounds exist, having 
o he other halogens: CLO;, CIO;, 
and possibly & few more. — 
f all these data some simple 
f these differences is per- 
ed. It may be useful 


luorides higher than CIF;, 
form pentafluorides. 


no congeners among ti 
Br,Os, LOs OF, OF» 

To find by examination 0 
and consistent explanation 0! 
haps more than should be expect 


to note, however, that the halogens are n i i 
their high degree of individuality pening the dans 
periodic group. Quite similar differences are to be 
noted among sulfur, selenium, and tellurium, and like- 
wise among phosphorus, arsenic, and antimony, or 
even farther to the left in the periodic table. "For 
example, Cl.0; is volatile and although unstable, ES not 
difficult to prepare, analogous oxides of bromine are 
unknown, but iodine, although it does not form & 
(VII) oxide, forms a stable polymeric LO, SO. 
although tending toward polymerization is volatile and 
easily prepared, SeO; is more polymeric, difficult to 
prepare, and decomposes above 180°, but the highly 
polymeric TeO; is stable to 700° C. For the hexa- 
fluorides, the heats of atomization are SF, 72 
SeFc 68, and TeFs 79 kcal per equivalent. In Group 
V-A, phosphorus is more stable in its (V) state than 
either arsenic or antimony, but antimony (V) seems 
somewhat more stable than arsenic (V), as evidenced y 
the greater thermal stability of the oxide and the exis. 
tence of only the antimony chloride. Heats of atomi 
tion of the (III) halides are PCI 82.2, AsCl < 
oe 7 9 TB 69.1, AsBrs 65.4, and SbB 
3 55.7, Asl; 53.2, and SbI; 54.1 kcal per equivale 
In Group IV-A, GeO. melts lower (11169) [rsen e 
SiO: (1710°) or SnO; (1927°C) and has a lower heat of 
formation per equivalent (—32.1) than SiO; (—51.3) 
or SnO; (—34.7). 1 
À There is thus indicated a hazy but moderately con- 
sistent picture of period 4 elements differing from both 
upper and lower neighbors in their respective major 
groups, especially to the right in the periodic table. 
The electronic difference from the neighbor above is 
that brought about by the interposition of the first 
transition series: from a penultimate shell of 8 to one 
of 18. The neighbor below, on the other hand, is 
electronically similar, having also a penultimate shell 
of 18. The changes that accompany the change from 8 
to 18 in the penultimate shell include greater compact- 
ness (and therefore relatively smaller atoms than other- 
wise expected), higher electronegativity (although the 
difference diminishes as the outermost shell becomes 
filled), and correspondingly less polar and weaker bonds 
to more electronegative elements. On this basis it is 
relatively easy to rationalize the differences between 
silicon and germanium, phosphorus and arsenic, sulfur 
and sn or chlorine and bromine. 
A somewhat greater difficulty is presented 
need to explain the differences bonté hell ae 
of period 4 and 18-shell elements of period 5. One 
fundamental cause of such differences is a decrease in 
electronegativity with higher atomic number within the 
group. This decrease is probably caused chiefly by the 
increase in size, requiring the approximately equally 
effective nuclear charge to operate over a greater 
distance. In fact, the product of covalent radius and 
electronegativity is practically constant for each of the 
pairs of elements, Ge-Sn, As-Sb, Se-Te, and Br-I. Thi 
increase in radius not only deereases the dite. 
negativity but also makes the outer d orbitals a 
readily available for bonding. “Expansion ob ths 
valence octet" may therefore occur more easil he 
bonds thus formed having greater stability b. rf h : 
cause of greater orbital availability and poca a 
polarity. In particular, high positive tions s 
states 
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are more stable in iodine than in bromine, in tellurium 
than in selenium, and in antimony than in arsenic. 
The electronegativities of these pairs are I 2.50 and 
Br 2.96, Te 2.34 and Se 2.76, and Sb 2.19 and As 2.53. 

One may note also a tendency toward diminishing 
bond multiplicity with increasing size of atom. Oxygen- 
chlorine bonds tend to be double bonds but iodine- 
oxygen compounds tend to be polymeric with each 
oxygen forming two single bonds. The tendency to 
form ortho acids, with single bonds to hydroxyl in 
place of double bonds to oxygen, is consistent also. 
But single bonds tend to become more stable with in- 
creased polarity. We may look upon bromine-oxygen 
bonds as involving too great a difference in atomic 
radii to permit stability through multiplicity yet having 
too little polarity for stability as single bonds. In 
contrast, chlorine-oxygen bonds although even less 
polar can be stable through multiplicity involving the 
smaller chlorine atoms. Iodine-oxygen bonds although 
not stably multiple are stable owing to their higher 
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bromates are no exception. 
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E P rich"? 
La chimie des molécules “sandwich 


par J. TiRoürLET, Professeur à la Faculté des Sciences 
de Dijon 


Il y a trés exactement un siécle (c'était en mars 1863), 
Wurtz professait devant la Société Chimique de France 
une série de lecons qui s'intitulait « Alliance de la Chimie 
Organique et de la Chimie Minérale ». 


Dans l'esprit de Wurtz il s'agissait essentiellement 
de démontrer que les lois qui régissaient ces deux do- 
maines de la chimie étaient analogues. Les travaux de 
Werner sur les complexes devaient quelques années plus 
tard étendre ces conceplions au domaine de la stéréo- 
chimie. 

Les complexes de Werner célébr. 
alliance à plusieurs points de vue 
la possibilité de substitution Progressive était applicable 
aux complexes, que des radicaux organiques pouvaient 
étre partie intégrante d'un agrégat moléculaire contenant 
un métal, enfin, que la structure des complexes, comme 


celle des dérivés du carbone, relevait du domaine de 
la stéréochimie. 


aient en effet cette 
ils montraient que 


Au début du siècle, 
Grignard devait montrer ]' 
des organométalliques en 


la découverte des réactifs de 
intérêt Synthétique considérable 
Chimie Organique. 


iser à opérer sur ce sque- 
l ns qui caractérisent la 
chimie organique. 


Cette possibilité existe de 


puis la découverte des molé- 
cules « sandwich ». 


La découverte des molécules 


« Sandwich » est 
leurs purement forfuite, 


d'ail- 


En 1951, deux professcurs de ( 


ilasgow, Kealy et Pau- 
son, cherchaient à isoler le bicyclo 


bentadiény], C:H«-CH,, 
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par action du inaguésien du c ie 
J g yclopentadiène s 
rure ferrique. NER 


Et, au lieu d'obtenir le composé attendu, ils isolèrent 
un composé orange extrêmement stable qui répondait à i: 
formule Cullule. Cette formule fait évidemment : 
à un organo-métallique. Mais le composé isolé ne er 
lait aucune des propriétés classiques des edd 


liques. 


1 Tout d'abord, il est extrêmement stable. Il fond 
à 173° et peut être chauffé sans décomposition jusqu'à 
Fl Il peut étre entrainé à la vapeur d'eau sans 
décomposition. Il résiste à l'action des b s 
acides dilués. SEU TR 


D'autre part, il posséde des propriétés aromatiques 
et se préte par exemple trés bien à des réactions de 


Friedel et Crafts, 


Enfin, le squelette global de la molécule peut 
étre soumis à de nombreuses réactions chimiques sans 
altération et surtout sans rupture des liaisons fer- 


carbone, 


Ces premiéres considérations ct l'analyse critique de 
lonnées physico-chimiques amenérent à propo- 


plusieurs € 
e structure « sandwich ». 


ser pour ce composé un 

Dans cette structure l'atome de fer se trouve pris en 
entre les deux anneaux cyclopentadiéniques. 
Hy»Fe a été appelé ferrocéne. Cette termi- 
le rappeler que le ferrocène possède 
ines dé celles du benzène. 


« sandwich » 
Le composé Cw 
nologie se propose ¢ 
des propriétés assez vois 

La découverte du ferrocéne a été le point de départ 
de toute une chimie nouvelle des dérivés du cyclopen- 


tadiène. 


A l'heure actuelle, les dérivés du cyclopentadiène se 


assent en 3 groupes principaux 
t d'abord, les composés ioniques dont le type 
le dérivé potassé qui, lui, se comporte 
organo-métallique classique (D. 


cl 


a) Tou 
méme est 
comme un 


b) Ensuite les dérivés du type ferrocène ou sand- 


wich » symétrique (ID. 

Puis des dérivés qu'on peul appeler des « sand- 
hs » dissyinétriques. Le type méme de ces com- 
le cyclopentadiényl-manganeso tricarbo- 


c) 
wic 
posés est 
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nyle (ou cymantrène). Dans ce type, l’atome métal- 
lique est pris en sandwich entre un anneau cyclo- 
pentadiénique et trois groupements CO (III). 


(1) (1) (11) 


PREPARATION DES CYCLOPENTADIENYLES 
SYMETRIQUES 
ET DES DERIVES DU FERROCENE 


Les « sandwichs » symétriques s'obtiennent facile- 
ment par action d'un dérivé ionique du cyclopentadiéne 
sur un dérivé métallique. 


L'apport métallique peut se faire sous forme d'halo- 


génure, de thiocyanate, d'acétonylacétate, de métal car- 
bonyle ou, dans quelques cas, du métal lui-méme : 


2 GHsMg Br + Fe CL > (C;H);Fe + Mg CL + Mg Br, 
2 CH; Na + MX, > (CH), MX... + 2 Na x 


| 2 CH;Na + Ni (NH), (SCN), > Ni (NH). T$ (CHs-); " 


. * 2 Na SCN 
| Ni NH). (Ho. > 6 NH, à (GH): Ni 


Cr (CO) + 2 CH + Cr (CH). + 6 CO + H: 


En utilisant ces différ 
tiser toute une série de cyclopentadién 
peut porter soit sur le métal, soit égale 
des deux anneaux du sanwich. 


Le tableau ci-dessous indique les principaux métaux 
qui ont pu être introduits dans un sandwich. Ces métaux 
appartiennent aux groupes IV à VIII. La trois 


rei RI à iéme colonne 
du tableau schématise le métallocéne (x est le sigle de Ja 
liaison et C, désigne le reste CsHs). La quatriéme colonne 


donne la formule de composés apparentés correspondant 
à un degré d'oxydation différent, 
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PRINCIPAUX di x-CYCLOPENTADIENYLES 


Groupe | 
Ti x — Cp: Ti me x 
IV Zr > x— = - 2 
V x — Cp V x C 
2 x — Cp V.X: 
V D > x — Cp. Nb Bis 
a » x — Cp: Ta Br; 
Cr x — Cp: Cr 
VI Mo » x — Cp Mo H: 
Ww > x — Cp: W Ha 
VII Re x — Cp: Re H 
fs 
Fe x — Cp: Fe x — Cp: Fet 
Ru x — Cp Ru x — Cp. Ru* 
Os x — Cp Os > 
Co x — Cp: Co x — Cp: Co* 
Vill Rh > x — Cp: Rh* 
Ir > x — Cp: Ir* 
Ni x — Cp: Ni x — Cp: Ni 
Pd x — Cp Pd » 


MEN NE 


ariante peut également porter sur la partie orga- 


La v 
olécule. 


nique de la m 
On connait des dérivés de Vindéne, des dérivés aro- 


matiques dont le type est le dibenzène chrome, des dérivés 
du cycloheptatriène, de l'azuléne et également du buta- 


diène et du thiophène. 


PROPRIETES PHYSIQ 


Il existe actuellement plusieurs centaines de sque- 
h » différents. Mais, parmi tous ceux-ci, 
seul le ferrocène (et à un degré moindre le cyclopenta- 
diényl-manganésc-tricarbonyle) a été le support d'une chi- 
mie organique entièrement originale. Nous nous limiterons 
à cet aspect particulier de la chimie des molécules « sand- 


wich ». 
La chimie du fe 
une conséquence de sa structure 


UES DU FERROCENE 


lettes « sandwic 


rrocéne est, pour une grande partie 
« sandwich ». : 
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Cette structure a pu être établie par un ensemble de 
données physico-chimiques. 


i 19e tout d'abord montre qu'il n'existe 
milies poscere CH. Ceci implique évidemment 
léquivalence des dix hydrogènes. | 

Le moment dipolaire du ferrocène est nul et ca; m 
ments dipolaires des dérivés mono et y o m pes 
patibles avec la libre rolalion autour de l'axe de la 
lécule. 


Mais c'est surtout l'analyse aux rayons X qui a permis 
d'établir la structure du ferrocéne. 


été i hercheurs alle- 
ette analyse a été faite par deux c a 
"E. (Dunitz et Orgel) et ces auteurs ont proposé le 
terme de « Doppelkegelstruktur » pour ce type de molé- 
cules. Il est d'ailleurs curieux de noter que le ferrocéne 
a la structure antiprisme alors que le ruthénocéne a la 
forme éclipsée. 


On a attribué 
brement entre le fer e 
petit (cas du fer), la ré 
d'hydrogéne impo 


électronique, elle semble moins 


ion la plus simple revient à 
e fer 


et 4 p. 
préte à de Sérieuses cri- 


visager un déficit 


5 Orbitales moléculaires 
conduire à une interprétation correcte, 


semble 
-— Stabilité de la molécule, 

L'expérience indique que cette structure confére à la 
molécule une grande stabilité, Nous avons déjà noté quc 
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le ferrocène peut être chauffé sans décompositi j 
qu'à 470°. Il fond à 173° et peut être be ams 
d'eau. Il résiste à l'action des acides et des bases dilués 
et est stable à l'eau jusqu'à 850°. La liaison Fe-carbone 
peut toutefois étre rompue par le lithium dans l'ammoniac 
ou l’éthylamine 


(CHi): Fe , Pe y 


Li 


Le ferrocène résiste à l'hydrogénation en présence des 
catalyseurs usuels et le caractére diénique du cyclopen- 
tadiène est totalement masqué. Par contre, il présente des 
propriétés chimiques typiques. 


PROPRIETES CHIMIQUES DU FERROCENE 


Ces propriétés chimiques sont une conséquence directe 
de sa structure. On peut les classer autour de trois groupes 


principaux. 


1. — La présence des deux nuages d'électrons x des 
restes cyclopentadiéniques confére au ferrocéne des pro- 
priétés aromaliques. 

9. — La structure « sandwich » correspond à une 
géométrie particulière qui se manifeste essentiellement par 
des phénomènes d'isoméries nouveaux. 

3. — Enfin, la présence de l'atome de fer implique 
diverses conséquences physico-chimiques : liaisons H in- 


tramoléculaires, protonation facile du squelette, stabilité 


des ions & - ferrocényl carbonium, enfin, existence du sys- 


téme oxydo-réducteur : 
ferrocene — e = ion ferricinium 


Les propriétés aromatiques du ferrocéne 


Le caractére aromatique du ferrocéne a été reconnu 
dés sa découverte. Woodward réussit en effet en 1952 à 
préparer le diacétylferrocéne par réaction de Friedel et 
Crafts. Toutefois, si l'on veut établir un parallélisme entre 
le ferrocéne et le benzène, il est indispensable d'avoir 
toujours présent à l'esprit l'oxydation possible du ferro- 
cene. Ce parallélisme peut s'établir en cinq points : 


265 


518 


a) En principe toutes les réactions du benzène qui ne 
mettent pas en jeu des réactifs oxydants sont transpo- 
sables dans la série du ferrocène. 


b) Le ferrocène présente un caractère acidique ct 
nucléophile un peu plus accentué que le benzène. 


c) Mais les attaques électrophiles oxydantes s’accom- 
pagnent toujours d’une oxydation en ion ferricinium. Cet 
ion devient alors insensible à l’agent électrophile. 


d) Il en résulte que certaines préparations classiques 
de la série benzénique ne peuvent s'appliquer à Ja série 
du ferrocéne. Il faut alors utiliser des procédés détournés 
et des méthodes parfois inattendues. 


e) Enfin les dérivés du ferrocène présentent qualita- 
tivement les mémes propriétés que ceux du benzéne. Mais 
le caractére nucléophile du ferrocéne influe quantitati- 
vement sur ces propriétés. Cette originalité apparait si on 
passe en revue les différentes fonctions qui ont pu étre 
greffées sur le squelette. 


- - Métalalion el mobilité de l'hydrogène. 


Il apparait tout d'abord que PH du ferrocéne est plus 
mobile que celui du benzéne. 


Le dérivé lithien se prépare facilement par réaction 
d'échange avec le butyl-lithium. On obtient d'ailleurs un 
mélange de mono et de dilithien 1— 1' (hétéroannulaire). 
D'autre part le ferrocéne se mercurise plus facilement 
que le benzéne par l'acétate mercurique. Les dérivés li- 
thiens et mercuriques seront des points de départ impor- 
lants pour la synthése des autres composés. 

La mobilité de l'hydrogène appar 


ait également dans la 
réaction d'aminoalcoylation. 


Le ferrocéne se préte en effet à la réaction de Man- 
nich comme le phénol. 


Fe H + O + HN (CH). > Fe CH, N (CH). (*) 
I 


CH; 


~~ Halogénation, nitration, sulfonation. 

Il n'est pas possible 
rocéne et le benzéne 
classiques car l'action 


de Comparer directement Je fer- 
vis-a-vis des réactifs électrophiles 
de ces réactifs (NO:;, SO;H*, Cr) 


C) Le radical C,H, Fe C,H, est généralement désigné par Fe. 
Avec cette convention, le ferrocène sera re 


présenté par FcH, 
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S ^ Qo i E 
s'accompagne toujours d'une oxydation ou d'une ruptur 
des liaisons carbone-fer. nda 


Les dérivés halogénés du ferrocéne ne sont donc pas 
accessibles par voie directe mais on peut les préparer pat 
vs des halogènes sur les dérivés mercuriques. Avec 
'iode on obtient d'ailleurs des com É iiodés ix 

ode 8 E $ posés pol i d 
médiaires. aaisa 
9L I \ 

: 2 L . E Na:S:0; 
Fe Hg Cl - ^ Fe Hg Cl, 2 I: > Fe I, 2 L- > Fe I 


La sulfonation directe du ferrocéne est également im- 
possible mais on a pu toutefois obtenir le dérivé mono 
et le dérivé disulfoné par action des mélanges : pyri 
dine + SO, dioxanne + SO:, ou plus simplement Bh 
employant l'anhydride acétique comme solvant. 

La nitration doit également faire appel à des procédés 
indirects. Il a fallu attendre 1959 pour trouver mention 
dans la littérature du nitroferrocène. Deux auteurs ont 


alors signalé sa préparation à partir de FeLi à — 70° 


_. Formylation et acylation. 


Par contre la formylation et l'acylation du ferrocène 
ne présentent aucune difficulté. 

Le ferrocénealdéhyde s'obtient trés facilement par ac- 
tion du N-méthylformanilide et de la diméthylformamide. 

L'acylation selon Friedel el Crafts est certainement Ja 
réaction la plus souvent utilisée. 

Cette acylation peut se faire soit avec les chlorures 
d'acides soit avec les anhydrides d'acide. 

Il est curieux de noter que des quantités équimolécu- 


laires de Fell, CH,COCI et AlCl, donnent uniquement le 
Iais en présence d'un excès de AlCl, 


dérivé monoacétylé. ^ 
ement le dérivé diacétylé hé- 


on obtient presqu'exclusiv 
téroannulaire. 


L'ASPECT TRIDIMENSIONNEL 


L'aromaticité du ferrocéne se superpose à des pro- 
priétés géométriques caractéristiques de la structure 
« sandwich ». Et on a parlé à ce sujet d' « aromaticité 


à trois dimensions ». Les conséquences de ce caractère 
tridimensionnel sont multiples. 


.. [somérie homo el hétéroannulaire. 


s tout d'abord un dérivé disubstitué. Si 


Considéron 
on devrait prévoir l'existence de 


Ja molécule était rigide 
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cinq isoméres. S'il y a libre rotation on n’en trouvera 
que trois. (IV à VI). 


A A 8 B 
c, CDs Lo) ao) T 
O (e KOMO, 
Y MI 
ucc wr ow 


On a effectivement isolé trois diacétylferrocénes, trois 
méthylacétylferrocénes. Mais on n'a jamais réussi à en 
isoler plus de trois et cette impossibilité confirme la 
structure « sandwich ». Pour un dérivé disubstitué du 
type MAa) Aq) B il n'existe par contre que deux iso- 
mères. (VII et VIII). 


La distinction entre les dérivés disubstitués homo et 
hétéro peut se faire par analyse infrarouge. Tous les dérivés 
ayant un cycle non substitué (et en particulier les dérivés 
homo) présentent des pics à 9 et à 10 v. Ces deux bandes 
disparaissent pour les dérivés hétéro. Remarquons d'autre 
part que certains dérivés schém 


atisés ci-dessus peuvent 
donner lieu au phénoméne d'iso 


métrie optiquc. 
— Cycles homocondensés — Isomérie exo-endo. 


Si l'on considére maintenant un cycle homo condensé 
sur un seul noyau, on peut prévoir l'existence d'isomérie 
oplique et d'isomérie exo-endo. 

L'isomére optique a pu étre mise en évidence dans 
le cas de la ferroco—1-— 2 cyclohexanone—3 (analogue de 
la tétralone). Cette cétone a en effet pu étre dédoublée par 
Ja menthylhydrazine. (IX et X). 


| 

Li 
Fle Fle 
Oo | © 
(1x) () 


Ferroco—1,2 cyclohexanone— 3 
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L'isomére exo-endo n'est encore connu que dans un 
seul cas : celui des deux ferroco cyclohexanols. (XI et XII) 


Ces deux alcools s'obtiennent par réduction de la cy- 
clohexanone par LiAIH, dans les proportions respectives 
de 11 96 et 89 %. Evidemment chacun d'entre eux doit 
théoriquement être dédoublable, mais cette tentative de 
dédoublement n’a pas encore été faite. 

Enfin il nous à été possible de préparer les deux 
dicétones schématisées ci-dessous. Ces deux dicétones ré- 
sultent respectivement d’un enroulement dans le même sens 
ou en sens inverse des chaines latérales portant une fonc- 
tion acide. (XIII et XIV). 


Fe Be 
= 
/ 
07 
(xin) (xiv! 


_ Cycles hétérocondensés. 


La structure « sandwich » se préte à un autre type 

ie. On peut en effet imaginer qu'il sera possible 

ycles par un pont hétéroannulaire. 
être faite par différentes voies 


d'isomér 
de joindre les deux c 
Cette cyclisation a pu 


fe xt p i à | Fe R— } 
O À Gee (y 
XV XVI XVII xvm 


a) Cyclisation hétéroannulaire d'une chaine latérale ou 
réaction d'élimination entre deux chaines hétéro- 


substituées. (XV et XVD. 
p) Double condensation d'un greffon sur un dérivé 
disubstitué hétéroannulaire. 
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c) Synthèse directe par flexion d'une chaine portant 
à ses deux extrémités un motif cyclopentadiène. 
(XVIII). 

La première méthode a déjà été très utilisée. On a 
même réussi à faire des doubles ponts carbonés hété- 
roannulaires. 

La deuxième méthode est moins commune car, si l'on 
excepte le diacétyl 1,1’ ferrocéne, on dispose de très peu 
de dérivés disubstitués hétéro. 


Quant à la cyclisation par flexion, elle a été tentée 
dans quelques cas mais les rendements restent très mau- 
vais. 


Propriétés dues à l'atome de fer 


Pour terminer, nous envisageons maintenant le troi- 
sième groupe de propriétés : celles qui sont dues à l'atome 
de fer. 


Nous trouvons tout d’abord des phénomènes de ché- 
lation. 


Fe Fe.- --H Fe. Fe---H—0 
XIX XX XXI XXI 


dérable de la bande infrarouge caract 
Elle passe de 3605 cm“ à 3553 cm", 
l'origine de ces bandes gráce à l'étude d 
modèles représentées ci-dessus. Pour le ¢ 


Une deuxième propriété due à Pat 
la facilité de protonalion de la molécul 
En milieu trés acide le ferrocéne est protonisé d’après 


FcH + H* > FcH. Et on doit tenir compte de ce fait 
lorsqu’on opére des réactions en milieu très acide. 


ome de fer est 
e. 
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On attribue également à latom 
E p. e de fer un 
car actéristique de ces molécules. C'est la UM M 
quable de l'ion Fc CH:*. Cet ion carbonium est l'analogue 
de Pion benzyl CH, CH:* mais il est beaucoup plus stable 
On peut méme dire que l'ion Fe CH:+ | 
( € ^ ; est presque 
aussi stable que lion (C;:H3;C* qui est le ty é 
ions « carbonium » stables. RP ER 
Ceci a une conséquence chimique : les al 
) ; cools du type 
Fc CH OHR se déshydrateront avec la plus grande facilité 
car la déshydratation se fait toujours par l'intermédiaire 
du carbonium. 
Mais la propriété la plus caractéristique du ferrocène 
c'est l'oxydation du ferrocène en sel de ferricinium 


Fe H—e > Fe H* 


orange bleu 


Il s'agit là d'un véritable couple oxydo-réducteur ré- 
versible. Le potentiel redox est de l'ordre de + 0,30 volts. 

Or on sait que les systémes redox sont assez rares 
en chimie organique. L'existence de cette réversibilité pré- 
sente un intérét certain. 

En effet, on peut faire varier la valeur du potentiel 
redox par des modifications structurales sur le squelette. 
Et on a ainsi réussi à obtenir toute une gamme de systémes 
redox dont les potentiels varient de — 0,20 volt à + 0,80 
volt environ, c'est-à-dire une gamme d'environ 1 volt. 


LES DERIVES DU FERROCENE 


Pour terminer nous donnerons quelques détails sur 
les dérivés les plus intéressants du ferrocéne que nous 
n'avons pas encore rencontrés. 

L'hydroxyferrocéne et l'aminoferrocéne ne peuvent 
étre obtenus par les synthéses classiques utilisées en série 
aromatique. 

L'hydroxyferrocène a été isolé pour la première fois 
par Nesmeyanov par la suite de réactions 


Fe B (OH): + 2 Cu (OCOR): + 2 H:0 > FcO COR 
Fe OCOR + 2 Mg Br > Fe O Mg Br — Fc OH 


rocène s'obtient par la réaction de Curtius 


L’aminofer 
otcheskov (action du lithien sur la ben- 


ou mieux de K 
zylhydroxylamine) 
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Fe COC] > Fe CON, > Fe NH: (Curtius) 
Li F H;CH. O NH. > Fe NH Li > Fc NH. 
=a " (Kotcheskov) 


Cette amine donne les mémes dérivés caractéristiques 
que l'aniline mais il est impossible de la diazoter. Cette 
impossibilité est certainement due à une oxydation préa- 
lable du ferrocène par NO.H. 


C'est également à partir du lithien que l'on obtient 
l'acide par carbonatation. Mais là encore on à intérét 
à utiliser des méthodes originales. 


En effet, dans la préparation du lithien, on obtient 
loujours un mélange de dérivé mono et disubstitué et la 
séparation des deux acides qui en résultent est délicate. 
De plus la méthode ne peut être généralisée car l’organo 
métallique peut réagir sur les groupements fonctionnels 
préexistants. On a signalé récemment une méthode générale 
permettant d'accéder au seul dérivé monosubstitué, C’est 
la réaction du chlorure de carbamyle (ou de diphényl- 
carbamyle) selon Friedel ct Crafts. On obtient l'amide qu'il 
suffit d'hydrolyser. 

AIC], 
FcH + HN COC] - > Fe CO NH, - ^ Fe CO.H 

Il est intéressant de comparer les propriétés acido 
basiques des dérivés du ferrocéne à ceux du benzéne, On 
à trouvé, dans les mêmes conditions expérimentales : 


pK; pK, 


CH; NH. 10,14 CGH; CO.H 6,32 
Fe NH. 8,81 Fe COH 6,78 
L'aminoferrocéne est donc une base plus forte que 
l'aniline et l'acide ferrocénecar "lique un acide légère- 
ment plus faible. Ce ré t encore le Caractère 
nucléophile ou plutôt l'électropositivité du ferrocène par 
rapport au benzène. 


Cette électropositivité de Fe se re 
pare quelques autres valeurs de | 


trouve si l'on com- 
a littér 


ature, par exemple : 
PK: 

CH; w CH NH. 10,89 

EG +5 CH, NH. 7,66 


pK, 


CH: w CH, OH 11,05 
Fe m) CH, OH 11,80 


272 


525 


Parmi les autres dérivés intéressants 7 
évidemment le ferrocénaldéhyde. Cet aldéhyde apad 
stable à l'oxydation et présente de légères propriétés bas 
siques. On a pu en préparer toute une série de halcones 
Fe CH = CH C — R et il peut ĉtre réduit normalement 


I 
[0] 
en alcool. 

L'acétylferrocéne est probablement l'un des composés 
les plus connus. Il s'obtient selon Friedel et Crafts et 
sert de départ à la préparation de nombreux composés en 
particulier FeC:Hs par réduction selon Clemmensen. 

On connait également Fc CH: et on a étudié le viny 
ferrocene Fe CH = CH:. ingle 

Dans ce méme ordre d'idées, on a signalé récemment 
la préparation du ferrocénylbutadiène. 


On envisage actuellement d'utiliser ces derniers com- 
e précurseurs de polyméres présentant dans 


leurs molécules des atomes métalliques. 


Cette dernière remarque pose le probléme de l'utili- 
entuelle de ces nouvelles molécules à des fins 


posés comm 


sation év 
industrielles. 

Les applications restent encore trés limitées. Certains 
« sandwich » dérivés du mangasène ont été proposés 
comme antidétonants. Les dérivés du ferrocéne ont été 
utilisés comme protecteurs des matériaux plastiques expo- 
sés à la détérioration photochimique. On peut également 
penser que la thermolyse de telles molécules pourra engen- 
drer des résidus métalliques intéressants dans le domaine 


de la catalyse. 
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Section 9 


Chemistry is an experimental science, and it is of 
immense importance that the imagination of the 
young student should be stimulated by doing experi- 
ments, making informed observations and drawing 
Conclusions from these observations. Some experi- 
ments require expensive equipment or facilities not 
available in the school laboratory, and it is in this 
field that aids such as films and television have 
Such a vital role to play. lt is hoped that a subse- 
quent edition of "New Trends" will include an ac- 
Count of progress in this field (see page 350 of this 
*dition for a reference to some successful pro- 
tage on chemistry teaching in Hungary). Fortu- 
ely, there are very many informative experiments 
; " do not need elaborate or expensive equipment, 
nd a small selection of these is included here. 
Mest college chemistry courses in recent years 


Models and 


experiments 


have introduced instrumental methods to a greater 
or less extent in their laboratory programmes. The 
scheme outlined by S. E. Wiberley and H. H. Richtal 
is typical of many such programmes and the details 
may be helpful to those planning courses on these 
lines. See also the interesting list of experiments 
to accompany a course on valency and structure 
on page 39. 

An adequate grasp of modern structural chemistry 
can be achieved only by making and handling models 
of molecular or crystal structures. The article by 
K. S. Tetlow contains a great deal of practical infor- 
mation which will save any teacher starting to make 
models in expanded polystyrene a great deal of time. 
There is a useful working drawing for the construc- 
tion of a jig for the rapid construction of " tetra- 
hedral " carbon atoms. 


Reprinted from Chemistry, Vol. 37, No. 4, 1964, p. 27. 


How Large is a Molecule? 


Theo Theimann, 
Lemgo in Lippe, Germany 


In physics and chemistry courses we 
learn that matter consists of minute 
Particles which we call molecules. In 
the case of a gas—for instance oxygen— 
we must assume that within it the 
oxygen molecules fly around at random 
at great speed, like a swarm of mos- 
Quitoes. Liquids also—water, for ex- 
AMple—are composed of molecules; 
these make contact with each other. 
They admittedly can move past each 
Other, but they remain in contact so 
that together they form a definite vol- 
ume. In solids we must think of the 
Molecules as bound to a particular 
Place; for this reason a solid body has 
à fixed shape and a definite volume. 
Let us imagine for simplicity that 
Molecules are small spheres. A logical 
question then is: "How large is a mole- 
ab, reality?” In our books one can 
find the answer: Depending on the 
Number of atoms that are united in a 
Molecule, the diameter of the mole- 
cule comes to: 10-8 to 10-7 cm. And 
Sia with a thirst for knowledge 
Puce Can this magnitude be de- 
ed experimentally?" 
sns de experiment together wh a 
termi ation permits us in fact to de- 
dinm ne the order of magnitude of the 
ameter (d) of a given molecule. 
a a small drop of oil is placed on 
1 er, the oil spreads to a relatively 
arge, almost circular spot. If we as- 
Sume that this surface consists of only 


N 
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one layer of oil molecules (for which, 
as we will see later, we have a certain 
amount of justification), then this ma- 
terial will be in the form of a very flat 
cylinder whose height is equal to di- 
ameter d of the molecule. The limits 
of the cylinder can be made visible by 
means of lycopodium powder; it is 
pushed back by the spreading oil. That 
quantity of oil which will produce a 
circular area 20 cm. in diameter is so 
small that it cannot be weighed with- 
out balances; yet it can be determined. 

Wheat flour contains about 1% of 
oil by weight. (This has been deter- 
mined by extracting it from 1 kilogram 
of flour by means of benzene which 
absorbs the oil). The oil has a density 
of 0.9 gram per cubic centimeter (cc.) 
If, for instance, 0.003 gram of flour is 
out on the analytical balance, 
contains 0.00003 gram of 
ust sufficient for our ex- 


weighed 
this quantity 
oil, which is j 
periment. . | 

The experiment 15 carried out as 
follows: A carefully cleaned (with all 


fat removed) serving tray (about 35 x 


40 cm.) is filled with water. When the 
liquid has come to rest, lycopodium 
powder is spread as uniformly as pos- 
sible in its center to a circular area of 
8 to 10 cm. diameter. After a minute, 
when no more motion is visible on the 
water, 0.003 gram of flour is allowed 


to fall into the center of the lycopo- 


ntribution No. 35 


dium powder. Immediately a clea: 
surface is formed by the spreading oi 
which pushes the powder in front o 
it. The clear surface grows for one o: 
two seconds. But when it reaches a di 
ameter of about 20 cm. no further in 
crease can be observed. Now the di 
ameter is measured (2r). In our calcu 
lation we will assume that it is exactl: 
20 cm., so that r = 10. | 


Calculation 


Mass of oil = 0.00003 gram 
9.00008 
0.9 
= 0.000033 cc. 
Volume of cylinder = 41?d = 710°d 
= 7100d cc. 
From this we obtain „100d 
= 0.000033 cc. 


Volume of oil = 


= 0000033 


1007 


= 0.00000011 cm. 


This result, understandably, can 
represent only an approximate value; 
however, it does correspond to the 
order of magnitude of the values given 
in textbooks. 

In experiments with different quanti- 
ties of oil, the result remains approxi- 
mately the same. Therefore, one may 
assume that the spread of oil on water 
is limited by molecular size—that is, 
the layer of oil has the thickness of a 
molecular diameter. 

In conclusion, we mention one other 
method of obtaining the minute quan- 
tity of oil needed—preparing a highly 
diluted solution of oil in petroleum 
ether of known concentration. From 
this solution one allows a suitable 
quantity—measured in 0.1-cc. pipet— to 
drop onto the water. The solvent evap- 
orates immediately. 
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Reprinted from Chemistry, Vol. 37, No. 4, 1964, pp. 24-25, 


LAB BENCH 


LAB BENCH presents its 
second report on student 
research (see CHEMISTRY, 
January 1964, page 29). 
Experimental extensions of 

ps lathe. u on 
eet eus quas solid mercury(H) nitrate to 500 ml. of distilled w 
pem will be considered by trated nitric acid was added. Wh 
the editors for publication. 
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Stoichiometry of the Mercury(Il) Nitrate-Potassium Iodide-Water System 


R. T. Yingling and H. A. Neidig, Lebanon Valley College, Annville, Pa. 
T. G. Teates, National College, Kansas City, Mo. 


À student was given the problem of investigating the stoichiometry of the mer- 
cury(I1) nitrate-potassium iodide—water system. Before beginning her experimen- 
tal work, she consulted the literature to obtain information on her system. She 
found that a solution of mercury(II) nitrate can be c ily if a sm 
quantity of nitric acid is present. The reaction of mercury (II) ion with iodide ion 
Was reported to form mercury(I) iodide, a slightly soluble salt with a solubility 
product constant of 1.51 x 10-24 (4). She also discovered that under some condi- 
tions a complex ion (1) would form while under other conditions 


quantity of 
the quantity of the 
amount. The quantities of the Te- 
mass, or moles. To find the effect of 
varying the quantities of reactants on the system, the magnitude of some Property 

and temperature are examples of prop- 


lotting the magnitude of the Property of 
the system against the quantities of reactants, i 


Because mercury(II) iodide is slightly soluble in water, 
determine the mass of mercury(I) iodide formed and, in addition, to calculate the 
density of the liquid Phase of the reaction mixture from mass-volume data, By 
plotting the quantity of mercury(II) iodide or the density of the liquid phase of 
the reaction mixture against the quantities of reactants used, she reasoned that she 
could obtain information about the stoichiometry of the reaction. 


ury(II) nitrate-potassium iodide-w; 
she prepared a 1.0M potassium iodide solution a 


the student decided to 


ater system, 
(II) nitrate 


TABLE I. Experimental Data for In- 


Quantiti Density, 
ing the Mercury(1I) Nitrate Reagents iquid 
Potassium lodidc-Water System Assign- 10M — og) Reet 
ment — KL Hg(NO,),, Mixture 
No. l. ml. grams/ml 
1 0.00 

| a T 

3 200 180) Qi 1.132 

4 40) 1600 9.63 1.106 

5 $00 1400 i1 1.082 

6 800 1200 167 1:057 

7 10.00 1000 224 17031 

8 11.00 900 {74 1.044 

9 120 800 1.04 1:076 

10 13.00 70 $$ 1.102 

11 14.00 6.00 0 00 1118 

12 1600 400 Qo 1.116 

13 18.00 2 00 0 00 1114 

14 20.00 000 ooo 1.115 
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PROCEDURE 


A description of the procedure that the student used for her investigation fol- 
lows: The assigned volumes of 1.0M potassium iodide and 0.5M mercury(Il) nitrate 
were measured from a buret into labeled 20 mm. x 150 mm. test tubes. The test 
tubes were stoppered. The tubes and their contents were thoroughly shaken and 
placed in a constant temperature bath held at 25° C. After about 20 minutes—the 
time required for test tubes and their contents to equilibrate in the water bath— 
the mixtures were filtered using dry, tared qualitative filter papers. The filtrates 


were collected in labeled 20 mm. x 150 mm. test tubes, which were stoppered and 
placed in the constant temperature bath. The residues were washed on the filter 


papers three times with small portions of distilled water and were dried in an oven 
at 110° C. for l1/, hours. They were allowed to cool overnight, and the masses 
were determined. The densities of the liquid phase of the reaction mixtures were 
calculated from mass-volume data obtained with a glass capillary tube pycnometer 


(3) using a Mettler balance for mass measurements. 


DATA PROCESSING 

The student calculated the number of moles of reactants and the number of 
iodide formed for each of the assignments studied. These 
data were used to prepare two graphs. In one, the density of the liquid phase of 
the reaction mixture was plotted against the number of moles of reactants. Along 
the abscissa, the number of moles of potassium iodide increased from 0 to 20 x 
10-3 while the moles of mercury(11) nitrate decreased from 10 x 10-3100. — 

On the second graph, she plotted the number of moles of mercury(II) iodide 


i d. On this graph she also 
ainst the number of moles of reactants use 

Lu His curve which represented the theoretical number of moles of mercury(I) 
iodide that would be formed on the basis of the quantity of the limiting reagent, 


moles of mercury(I1) 


Pycnometer for density 
measurements 

If made from 3-mm. glass tubing. 
the pycnometer has a capacity of 
0.2 to 04 ml: made from melting 
point capillary tubing. the capacity 
is 0.02 to 0.03 ml. i 
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assuming the reaction went to completion. 


QUESTIONS 
ignij i e shape of the curve ob- 
. Of what significance is the shape 
edd when Mie density of the liquid phase of the re- 
action mixture is plotted against the number of moles 
of reactants? What information eel perg Unan 
i iti the syste: 
h aph about the composition 0j when 
page een iodide is formed, M a complex ion is 
d, and (c) an ion pair is formed? | | 
mon ei er the experimentally determined sum 
ber of moles of mercury(I) iodide against the number 
of moles of reactants, (a) what does Dd enun 
int indi ? (b) What ex 
t indicate about the system ( ation 
fe banana for the shape of the y lore ee 
ID) i " 
1 number of moles of mercury le à 
pared to the shape of the curve jor iiy theoretical num: 
nercury([l) iodide? » . 
Pu "iodide can exist in equilibrium with 
h : li wid phase of the reaction mixture if the ton 
; oue [Hgt* IE, is equal to the solubility po 5 
d constant, Ksp. (a) In what regione a is 
the ion product less than the Ksp? (b) 
i e facts? . 
AL Li deque wn of iodide ion to epe jos 
. i les of comple: 
es the maximum number of mo i 
pe What is the equation for complex formation 
based on this mole ratio? 


N.Y., 1960. 


5. At what mole ratio of iodide ion to mercury(I) ion 
does the maximum number of moles of ion pair form? 
What explanation can be offered for the difference be- 
tween the effect of complex ion formation on the solu- 
bility of mercury(I) iodide and the effect of ion-pair 
formation on the solubility of mercury(11) iodide? 

6. Would any significant information about the mer- 
cury(11) nitrate-potassium iodide—water system be ob- 
tained from a thermochemical investigation of the sys- 
tem using a continuous variation experimental design? 
What experimental procedure could be used for such 
a study? How would the data be processed so that they 
could be used to consider the effect of composition on 
the nature of the system? 

7. Could an electrolytic cell be constructed that could 
be used to investigate the effect of composition on the 
mercury(I) nitrate-potassium iodide-water system? 
Would there be any advantage in doing an electrical 
conductivity study of the system? 

8. What experimental evidence can be obtained to 
show whether ion pairs and complex ions exist in a 
mercury(II) nitrate-potassium bromide-water system? 
9. How does ion-pair and complex-ion formation in 
the mercury(11) ion-halide ion systems compare with 
ion-pair and complex-ion formation in the lead(II) 
ion-halide ion systems? 
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M. freshman chemistry laboratory 
courses include work in electrochemistry, usually an 
experiment in electrode potentials and one in electrol- 
ysis. The commonly employed electrolysis experi- 
ments tend to be of two types. Some are intended 
simply to illustrate the nature of electrode reactions 
through the appearance of electrode products, e.g., T, 
which is detected by its color, OH- which is detected 
with phenolphthalein indicator, and H: and O; which 
are collected as gases (1-5). Other experiments are 
designed as quantitative illustrations of Faraday’s 
laws and usually involve a comparison of the electro- 
chemical change occurring at an electrode with the 
corresponding change occurring in a coulometer, these 
comparisons being made on a weight basis (6-8). Re- 
cently a number of electrolysis experiments illustrating 
the principles of coulometry have been described (9, 10). 

The requirements we have imposed in our selection 
of an electrolysis experiment for freshman chemistry 
is that it be simple to perform, that the equipment 
required be inexpensive (less than $10 per student set- 
up), and that a quantitative application of Faraday’s 
laws should be possible in the experiment, but without 
the need for analytical balances, 


The Experiment 


The electrolysis employed is that of 0.5 M Na,SO, 
solution. Two 400-ml beakers serve as half-cell com- 
partments. To provide maximum contact betwi 
electrodes and solution, and to immobilize the elec- 
trodes, we have found it advantageous to use metal 
foil electrodes which are contour-fitted to the bottom 
and walls of the beakers. To each compartment is 
added 200 ml of 0.5 M NaSO.. A 10.0-ml sample of 
an H,S0, solution of about 0.001 to 0.01 M is Pipetted 
into the cathode compartment. The acid solution is 
provided as an "unknown." Four drops of an appro- 
priate indicator are added to the cathode compart- 
ment. The electrodes are connected to a milliam- 
meter and two 6-v dry cell batteries connected in series, 
The circuit is closed by joining the two half-cell com- 
partments with a U-tube filled with agar gel which is 
impregnated with 0.5 M Na;S0,. 

The experiment is timed by usin 
or the sweep second hand of a 
clock. "The current is measure 
and the length of time requi 
change in the cathode comp 
end point is best approached b 
by removing the salt bridge 
the cathode compartment 
color. The salt bridge can 


een 
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A Simple Quantitative Electrolysis 
Experiment for First Year Chemistry 


periods (about 5 sec) until the exact end point is 
reached. 

We have found that good results are obtained with 
the student set-ups if the solution in the cathode com- 
partment is stirred intermittently. Stirring is helpful 
in locating the end point of the neutralization reaction. 
However, if a more precise milliammeter is used in the 
experiment the best results are obtained when the solu- 
tion in the cathode compartment is not stirred until 
just prior to the end point. This is because of the 
tendency for stirring to partially depolarize the clec- 
trodes. The current remains practically constant if 
the electrodes are polarized during the electrolysis. 


Details 
The Half-Cell Reactions, 
the electrolysis are inert the 


the electrolysis of water, oc 
reactions, 


If the electrodes used in 
overall reaction is simply 
curring as the two half- 


Anode: 2H;0 — O: + 4H+ + 4e- 
Cathode: 2Hj0 + 2- — Hy + 20H- 
The OH- produced at the cathode neutralizes the H+ 
in the acid sample added to the cathode compartment. 
A Typical Run. Some typical data obtained in the 
coulometric analysis of 10.0 nil of an unknown ISO, 
solution are presented in Table 1. The total amount 
of electrical charge involved in the electrolysis is deter- 


' à number of increments, 


under the curve, 
inerements to be 


In 0.5 M Na,SO, 
distilled water, an 
d CO. is present, 
à t only must the un- 
e neutralized in the cathode compart- 
carbonie acid. There are two ways to 
es for dissolved CO;. Inone method an 
k is run on 200 ml of 0.5 M NaSO; in 
the cathode compartment. The blank must then be 
subtracted from the experimental value obtained with 
the unknown acid (see Table 1). In the second method 


the 200 ml of 0.5 M NaSO; is pre-electrolyzed until 
the indicator j i 


basic color, 


trolysis resumed until this sam 
duced for a second time. 
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determine indicator blanks for several indicators and 
to show how the values obtained can be related to the 
pH range over which the indicator color change occurs. 
For example with bromthymol blue (pH 6.0-7.6), blank 
= 1.26 coulombs; phenol red (pH 6.6-8.0), blank = 
1.42; phenolphthalein (pH 8.3-10.0); blank = 1.84. 


Table 1. Typical Data in the Analysis of An H.SO, 


Unknown? 
Cur- 
Ti rent 
Time X Current (min) (ma) Remarks 
15 X 21.8 = 327 10 Solution yellow 
; á H cn 
E \ 30 
30 x 21 n 
180 x 21. {2 
4 
120 x 21.3 = 2500 16 t 1 
150:x;81,2 = 3180 {§ ao Interrupt current, stir 
fs 45 Solution yellow 
iráni - | Yellow . 
93x32 = 770 9 Pink, non-lasting. 
E] Definite lasting pink 
Total = 11.666 coulombs 
Blank = —1.50_ 
10.17. coulombs 
; " 1 mole e7 1 mole Oll - 
HL] = 10.17 coulombs X gi soo coulombs * d mole e~ * 
1moleH* y 1. _ 0.0106 M 
i mole OHF X 0.011 A 
n = 0.0105 M 


[1^], determined by direct titration 


a Conditions: Two 4F dry cells (12v), Simpson 13: 
gauze electrodes, phenol red indicator (0.02%). 


20C, 0-25 ma meter Pt 


Salt Bridge. ‘The following procedure works well 
for preparing salt bridges. Soak 12.5 g of USP grade 
agar in a small volume of cold water. Add to this 
agar 500 ml of a boiling water solution containing 0.25 
moles Na;SO,. Carefully pour the agar solution into 
G-in. U-tubes maintained in an. upright position. 
Allow the agar to gel. Upon gelation there will be a 
slight contraction in volume. Add a small volume 5 
hot agar solution to each arm of the U-tubes to fil 
them completely. The quantities given here are 
sufficient to fill about 8 U-tubes. The gels can be pre- 
served for a rather long period of time by inverting 
the U-tubes in a solution of 0.5 M Na,SO.. 

Choice of Electrodes. The electrodes chosen for the 
experiment should be inert; at least they should be 
such that the only significant cathode reaction is the 
reduction of water. In Table 2 are presented the re- 
sults of the analysis of an H.SO, solution using four 
different sets of electrodes. The results with. all the 
clectrodes are within the 1-2% accuracy anticipated 
with the milliammeter used. . 

It was noted that with copper and silver electrodes 
some oxidation of the metal to the metal ion did occur 
at the anode. The presence of Ag* was determmed 
with Cl- and that of Cu** using PAN indicator 
(1-(2-pyridyl-azo)-2-napthol). We have used copper 


Table 2. Comparison of Electrodes? 


Electrodes 
^ 0.007 
Copper Q TS 
Ñ el 0.0073 
Plati D: 
Platinum 0.0073 


[H *], determined by titration 0.00738 


^ Conditions: Two 4 F dry cells az v), Simpson 1329C, 0- 
25 ma meter, phenol red indicator (0.0200). 


Table 3. Typical Student Results 


Student IH *] IH] by 
group found titration 
H 0 0029 0.00321 
3 
4 
5 
6 = 
; u 
N 0.0102 0.0105 
9 0.0104 T. 
10 0.0105 


electrodes in the student experiment, although from 
the standpoint of accuracy and cost, nickel electrodes 
would be equally satisfactory. 

Choice of Meters. The accuracy with which the 
experiment can be performed is determined almost 
exclusively by the quality of the milliammeter used. 
The results presented in Tables 1 and 2 were obtained 
using a Simpson 1329C, 0-25 ma, de meter. This 
meter, which costs about $15, could be read to the 
nearest tenth of a milliampere and had an accuracy 
rated at 2%. In the student set-ups an EMICO, 
0-50 ma, de meter, which costs less than $2, was used. 
With this meter, current can be estimated to 0.5 ma, 
at best, and the rated accuracy is only 5%. EMICO 
meters were chosen for the student experiment because 
of their lower cost. 

Comparison of the two different milliammeters in- 
dicated that most of the EMICO meters give low read- 
ings, by as much as 10%. For use in student experi- 
ments one may either calibrate each of the low-cost 
meters against a more precise meter or apply the correc- 
tion factor of roughly 10%. 

Typical Student Results. Table 3 summarizes the 
results obtained in some typical student experiments. 
These results are not nearly as accurate as those pre- 
sented in Tables 1 and 2 but almost without exception 
the inaccuracies are a result of the poorer quality meters. 
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Lead trees 
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Lead trees, chemical reactions, and electron transfer 


Paul M. Lauren, Forest Hills High School, Forest Hills 75, N. Y. 


etal crystals that form during the continuous reduction of lead ions 
tive potential than that of Pb/Pb +2; for example, Zn/Zn**. 
f sodium silicate acts as a support for the lead crystals. 

tion occurs at the surface of the zinc, there must bea 
where zinc atoms are oxidized, to the cathode 
sented as follows: 


A lead tree is actually lead m 
by a metal-metal ion electrode of larger posi 
A silicic acid gel formed by acidification o! 
Since the redox (oxidation-reduction) reac 
flow of electrons through the metal from the anode sites, 
ones where lead ions are reduced. The reactions occurring can be repre: 
Anode site: Zn'(s) — Zn**(ag) + 2e Et = SEOs 
Cathode site: Pb*2(ag) + 2e > Pb°(s) Besse QS A 
Net reaction: Zn*(s) + Pb**(ag) + Zn#ag) + Pb%(s) Eeen = +0.76 — 0.13 = +0.63 v 
By observing the rate of lead crystal formation, some factors which appear to influence this redox 
reaction can be examined. 
How Does the Concentration of the O: 
Growth? According to Le Chatelier’s theorem, 
equilibrium, 


Ph+?) Influence the Rate of Lead Tree 


xidizing Agent ( 
he lead ion concentration will cause the 


decreasing t 


Zn0(s) + Pb*%(ag) = Zn**(aq) + PDs) 
the rate of lead crystal formation. The expression 


d be a decrease in 
ion of the effective concentration of 


to shift to the left. The result shoul 
potential of the cell as a functi 


below enables us to determine the 

reactants and products at 25° C.: 
Econ = Eni 

d E’, voltage of the cell 


The letter n represents t 
ation. This relationship be 


— (0.059/n) log (products/reactants) 

when the effective concentrations are 1 molal 
he number of faradays needed to accomplish 
comes E = (+0.63) — (0.059/2) log 


where E is voltage of the cell an 
and the gas pressures are 1 atm. 
the change expressed by the equ 
(Zn**/Pb +2) volts for this reaction. 

If the lead ion concentration is 
number is subtracted from £’, cell 

We can see that the rate of lead € 
of the cell potential. When the lea 
should also diminish. 

To test this hypothesis, three different gel mixtures were added to separate test tubes. Each solution 
varied only in the initial concentration of lead nitrate. These concentrations were 1.0M, 0.1M, and 
0.01 M. After gelation, a cleaned zinc metal strip was inserted until it was entirely submerged just 


decreased, size of the second term becomes larger. Since a large 


potential E becomes smaller. 
pears to be directly proportional to the magnitude 


rystal growth ap] 
d ion concentration is decreased, the rate of lead tree formation 
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i 1. Lead tree formation. The tree Figure 2. A Petri 
Bela formed by reduction quadrants, each 
of lead ions by a metal such as zinc 


i dish containing g 
containing a metal s. 
tion depends on electrode potential 


*l is divided into equal 
trip. Rate of crystal forma- 
ofthe displacing metal 


below the surface of the gel (Figure 1). Within 2 ho 
growth varied directly with the concentration of the le 

What Is the Relationship Between the 
Agent and Rate of Lead Crystal Growth? 


Urs it was apparent that the rate of lead tree 
ad ion. 


Magnitude of the Electrode Potential of the Reducing 


Reducing * 

Half Cell Eo Redox Reaction 
Mg? — Mg*? + 2e | +2.37 v Mg? + Ph# + Mg*? + ppo Eten = +2.37 — 013 = +224, 
Zn? — Zn+ + 2e +0.76 v | Zn? + Ph+: Zn* + ppo à 
Fe? + Fet? + 2 +0.44 v | Fe? + Ph+ Fe*? + pho 


Bret = +0.44 — 0.13 = 4031 y 
Cul Cut? + 2¢ | —0.34 v | Cue + ph# Guar PP DEL —034. a Oå] y 


Standard Potential for Reaction 


Because the rate of lead cr 
would predict for the reactions tabulated above th 


ri dish of 9-cm, (Fisher Catalog 8-754). The 
Y equal quadrants, A cleaned metal Strip of equivalent surface area was 
inserted, on edge, into each quarter (Figure 2). 

After 2 hours, it could be easily seen that the T; 
the magnitude of the half-cell 


inner diameter 


growth from the surfa 
f the copper than it did 
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Zn Cu 
Aqueous saturated 


hydrogen sulfide 


Silicic acid gel 
with no lead salt 


Figure 3. The end of the wire is threaded through the t 
1 « so hol 
in the metal strip. The edge of the metal tip is then folded 


over the wire 


Zi G 
EDS TT] LIST 


and zinc strips about 5 em. apart are Fi 
n igure 5. Precipitati i 
lead crystal formation from the equilibrium eo Eu el i 
ward oxidation of copper ions by lead ine 


Figure 4. When copper 
stood on edge in the Petri dish, 
copper surface predominates 


rium Be Displaced So That a Half C 
= ell of Low Standard Oxidati 

One of Larger Positive Value? We have seen that under ipu 
atoms will not be oxidized by lead ions. ISP 
Cu? — Cu*? + 2e E = —0.34 v 

Pb? Pht? + 2 Æ = +0.13 v 

This means that the reaction Pb +2 + Cu?^— Cut? + Pb? cannot normally occur 

The Le Chatelier theorem predicts that copper atoms can be made to adie lead done ft 
centration is decreased sufficiently to displace the equilibrium to the right The p free 
ould diminish the cupric ion concentration tremendously: E AIR 
Cut? + $71 Cus(s) Ko = 8 X 107% 


potential Æ of the redox reaction is 
—0.47 — (0.059/2) log (Cu*?/Pb*?) 


How Can a Redox Equilib: 
Potential Is Able to Reduce 
experimental conditions copper 


cupric ion conc! 
of sulfide ions sh 


The expression for cell 
Een = 
If the cupric ion concentration is decreased, the ratio (Cu*?/Pb**) becomes smaller. The n Es, 
hm of this number will be large and positive. When it is added to E", the answer for th hei 
lated cell potential E must also be positive. This means that the reaction should iake place — 
With a technique pioneered by Taft and Stareck (4), the following experiment Was erf 
One third the volume of a test tube was filled with a gelling solution using 1.0M ip 
After this solution had gelled, an equal volume of acidified sodium silicate without lead salt eee 
Prior to gelation, a clean narrow strip of copper was inserted through both gcl layers e ed. 
was of sufficient length to protrude through the upper surf&ce Friend wel. (Figure S) Wh sed 
second layer had gelled, a volume of aqueous saturated hydrogen alae; approxicord]g nodus 
one quarter that of the test tube, was added. This solution was made alkaline with alen d roe 
sodium hydroxide. The corked test tube was inverted periodically. rops of 10M 
Within 15 minutes, lead crystal whiskers were sc 1 " 
nding into the lead acetate gel. gomme aR an, cinis silia lu OR NR 
cetate Gels Prepared? Commercial 40° Baumé water glass (density 1.34 
^ rigid gcl formed when this solution was in turn edidit u^ a deser 
). The following volume ratio was used—1 :10:10 of lead E mm 
là e, acetic 


logarit 


exte 
How Are Lead A 
diluted to à density of 1.06. 
volume of 1M acetic acid (1-4 

acid (1M), and sodium silicate (density 1.06). 
rate solution is added to the acctic acid. This solution is then mixed with the diluted 
€ 


The lead nitr 
The resultant mixture is acid to litmus. Tt gelled within 8 hours. 


sodium silicate. 


285 


Questions 


1. How does the rate of lead tree growth 
vary with time? Does the nature of the reducing 
agent influence the shape of the growth curve? 
Is the Pb*? ion concentration important? 

2. What effect does density of the sodium 
silicate solution used have on the rate of lead 
crystal formation? Can other acids be used? 
Is anion size or charge type important? What 
is optimum pH for the redox reaction? For 
gelation? 

3. What effect does the rigidity of the gel 
have upon the rate of lead crystal growth? 
Is it possible to control the viscosity of the gel? 
Would the use of a different gel be advanta- 
geous? 

4. Does temperature influence lead crystal 
growth? How could temperature effects on the 
redox reaction be distinguished from those due 
to changes in the structure of the gel? 

5. Could the oxidation potential of a Fe/Fe+3 
half cell be altered using a complexing agent 
such as KCNS? How might an amalgam be 
used to reduce lead ions? 

6. Is it possible to use a sequestrant or ion 
exchange resin to displace a redox equilibrium? 
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How might these materials be used to reverse 
the direction of electron flow in a Daniel! cell? 

7. Does the earth’s gravitational field in- 
fluence the rate of lead crystal growth? How 
could centrifugal force be used to modify this 
growth rate? 

8. How could reducing agents other than 
metals be used to produce lead crystals? Could 
a d.c. power source be used? 

9. Heated junctions of dissimilar metals 
generate an electron flow. Can a thermocouple 
be used as a reducing agent? Is it Possible to 
use a photoelectric cell in a similar manner? 
Could sunlight be used to grow lead trees? 

10. Can other metal crystals be grown in 
gels? (The author will send a co 


s Pper tree recipe 
to interested students.) 
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Chaleur de neutralisation 
de l'acide phosphorique 


Neutralisation 


Dans une premiére manipulation, on peut réaliser 
d'une part le dosage volumétrique classique, d'autre part 
suivre au PHmètre la neutralisation de l'acide phospho- 
rique. (Le PHmètre Picoux suffit à donner l'allure du phé- 
noméne. Dans un cas, comme dans l'autre, la troisiéme 
acidité ne peut étre déterminée quantitativement. 
oposée permet de mettre en évidence 
l'acide phosphorique. Le principe en 
lan pratique, les résultats sont satis- 
faisants en opérant de la facon suivante 


Dans un thermos à large col on introduit 300 cm? de 
H,PO, N/2. On verse à l'aide d'une burette 50 cm? de 
soude 4N, de 3 en 3 ou de 4 en 4 cm*?. Aprés chaque addi- 

température : un thermomètre 35° au 
de lecture suffit. Un agitateur électrique 
facilite la rapidité de l'opération qui est importante. Dans 
ce cas, il est commode d'utiliser une burette avec tube de 
caoutchouc et pince qui permet d'excentrer la burette 
et laisser la place de l'agitateur. 

L'élévation totale de température est un peu inférieure 
à 5°. On trace le graphique des variations de température 
avec le volume de soude versé. On obtient quatre segments 
de droites de pente décroissante dont les intersections 
donnent les points de neutralisation. Il convient d'effectuer 
le tracé avec soin, particuliérement pour les points pou- 
vant suivre de prés la fin de neutralisation d'une acidité, 
et qu'il faut affecter à la droite suivante. Les trois volumes 
correspondant aux trois acidités sont trouvés égaux aux 


incertitudes prés. 


L'expérience pr 
les trois acidités de 
est évident. Sur le p 


tion, on note la 
1/5* avec loupe 


Valeur en eau 


Le calcul des chaleurs de neutralisation demande la 
connaissance des valeurs en eau du calorimètre, des acces- 


soires et des solutions. 
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On peut en faire l'objet d'une partie d’une séauce 
de travaux pratiques de calorimétrie. En soudant les deux 
extrémités d'une résistance électrique à deux fils de cuivre 
ct en la faisant pénétrer dans une gaine isolante de plas- 
lique, on peut constituer unc résistance utilisable pour 
échauffer les 300 cm? d'acide, puis dans les mémes condi- 
tions 300 cm? d’eau. Un accumulateur de 6 V et une résis- 
tance de l’ordre de 2,5 Ohms donneront un rythme 
d'échauffement analogue à celui de l'expérience de neutra- 
lisation. 


On peut aussi admettre que la chaleur volumique des 
solutions est voisine de 1 cal/cm?/deg. L'approximation est 
moins bonne pour la solution concentrée de soude, mais 
le volume utilisé en est relativement faible. Pour déter- 
miner la valeur en eau du calorimétre et des accessoires, 
on y place 50 cm? d'eau environ, qui permettent de mieux 
déterminer la température initiale ct dont la masse exacte 
est déterminée par double pesée. Dans un bécher, on a 
placé au préalable de l'eau et de gros glaçons. On agite 
et on. note la température d'équilibre. On verse 
dement 200 à 250 cm? de cette eau dans le 
en arrétant les glacons. On note la température finale et 
on détermine le poids d'eau ajoutée. La discussion de Pin- 
certitude montre que l'on s’est placé dans les conditions 
les plus favorables, et, à l'usage, les fautes opératoires des 
élèves semblent moins fréquentes par ce procédé. 


alors rapi- 
calorimètre 


Résultats 


Les trois volumes m, n: Ns, sont sensiblem 
et on peut comparer aux dosages volumétriques préalables 


Le calcul des chaleurs de neutralisations est possible 
9n écrira par exemple avec des notations évidentes : : 


Q: = [ (300 + u + n) (0. — 86) + nm (0. — ©.) ] 2 


Si la solution d'acide phosphorique peut étre considérée 
comme N/2. 


Les résultats 
7,5 kcal/mole, valeurs données par G 


ent égaux, 


de ‘14,9, 12,3, 
allais et Rumeau pour 
le temps de chercher 
-O^C8Ue pouvait m'en indi- 
de Savoir les valeurs admises pour 
entrées, ainsi que pour les chaleurs 
ues des solutions utilisées. | 


d’autres références, et, si un collé 
quer, je serais curicux 
les solutions plus cone 
massiques ou volumiq 


J.L. ROBIN (Montréal), 
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Reprinted from Journal of Chemical Educotion, Vol. 41, No. 10, 1964, pp. 567-568. 


John A. Landgrebe 
University of Kansas 
lawrence 


| r— in the trend toward a more 
mechanistic approach in the teaching of undergraduate 
organic chemistry is the desire to introduce mechanistic 
thinking into the laboratory experiments. 

Although it is realized that simple preparative reac- 
tions are extremely valuable for teaching basic labora- 
tory skills, many such experiments can be carried 
through successfully without compelling the student 
to consider the details of the transformations that are 
taking place. The following kinetic experiment, which 
was designed for an undergraduate organic laboratory 
section, allows the student to determine what factors 
affect the rate of a reaction! and how this information 
can be rationalized in terms of a logical sequence of 
molecular events.? 

The hydrolysis of tert-butyl chloride was chosen for a 
number of reasons. The reaction, as far as it is covered 
in an undergraduate course, involves basically simple 
concepts. Students are generally introduced to alkyl 
halides and their reactions relatively early in the first 
semester of most organic chemistry courses. — The re- 
action is very easy to follow and has a convenient half- 
life in a properly chosen solvent system. Ifitis desired, 
the tert-butyl chloride can be readily prepared by the 
student according to procedures which appear in nearly 


every organic laboratory manual. 


Measurement of the Rate 
»atures of the experiment is its 


One of the primary fc ; 
entire experiment can be 


fundamental simplicity. The 
performed with only two 25-ml Erlenmeyer flasks, a 
5-ml graduated cylinder (a pipet could be substituted), 
a 1-ml and a 5-ml graduated pipet, and a watch or clock 
with a second hand. The student should be provided 
with a 0.1 M solution of tert-butyl chloride in acetone, & 
0.1 Af solution of sodium hydroxide in water, and an 
aqueous-aleoholic solution of bromphenol blue. - 

The reaction begins abruptly as soon AS the aqueous 
solution is mixed with the acetone solution of lert- 
butyl chloride. As long 25 hydroxide is in excess, ni 
solution (with several drops of indicator Le pe Hr l 
remain deep blue, but at the instant the base ts entirely 
neutralized, the indicator makes a sharp transition to 


yellow. 
(CH3CCI + HOH -* 
ont is indicate 


(CH;),COH + HCI 


A typical experim d below in which the 


1 Frost, A. A. AND PEARSON, R. G., “Kinetics and Mechan- 
st, À. À, A : 
i Le ile: Sons, New York, 1953. : , 
i dan bre Ji “Solvolytie Displacement Reactions, d 
£ SER, A. 
McGraw-Hill, New York, 1962. 


on No. 40 


A Simple Kinetic Investigation of an 
Organic Reaction Mechanism 


sodium hydroxide represents 10 mole % of the tert- 
butyl chloride and the solvent system is 70% water and 
30% acetone by volume. The time for 10% reaction 
under these conditions is sufficiently short that student 
laboratory time is used efficiently allowing many varia- 
tions of the experiment to be done in a 3-hr period. 
Because the rate of change of acidity becomes less as the 
reaction proceeds, it is undesirable to follow the reac- 
tion to a large percentage of completion. Under these 
circumstances the indicator does not change color 
sharply, but passes through several shades of green 
thus making the time measurement more difficult to 
reproduce. 


Procedure 


Pipet 3 ml of a 0.1 M solution of tert-butyl chloride in acetone 
into a 25-ml Erlenmeyer flask and place it on a piece of white 
paper. 

Pipet 0.3 ml (1-ml pipet) of the 0.1 M NaOH solution into 
the other 25-ml Erlenmeyer flask followed by 6.7 ml of distilled 
(or deionized) water (small graduated cylinder or pipet). Add 
3 drops of the bromphenol blue indicator solution. 

Note the time and pour the acetone solution into the water 
solution quickly, swirl for a second and immediately pour the 
solution back into the other flask. (This procedure ‘will insure 
complete mixing of the two solutions.) Before beginning each 
ne aparey the two flasks should be rinsed with acelone and 

rained, 


The results can be tabulated in terms of the time for 
a particular per cent reaction or can be expressed as a 
standard rate constant by using equation (1). 


i = 2:30 1 
kt = 2.303 log (vi) a) 


The above expression can be easily derived from the 
integrated first order rate law, In (([RCI /[RCI]) = kt, 
by defining the fraction of reaction as ([RCI]; — (RCI])/ 
[RCl]. The derivation of equation (1) can be effec- 
tively given as an exercise to interested students who 
have had some physical chemistry background. 

In addition it might be of interest to have several 
students measure the time and corresponding rate con- 
stant for a reaction carried to 20 or 30% completion in 
order to show that the rate constant is independent of 
initial hydroxide concentration.” 


Reaction Order 


The order of the reaction is most easily determined by 
noting the effect of a change in reactant concentration 


3 Although the effectiveness of the experiment in no way de- 
pends upon the exact reproduction of literature values, these 
values can be easily obtained for a variety of solvents and at 
various temperatures by using the tabulated data in the reference 
cited in footnote 2. 
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on the time necessary for any given per cent reaction, 
e.g., the half life or tenth life. 


Use the experimental procedure described previously, but 
before the two solutions are mixed, add 10 ml of a 70e water- 
305, acetone solution to the Erlenmeyer flask which Se 
the aqueous sodium hydroxide. (The reaction is being carrie 
out at twice the total dilution that was used in the previous 
experiment, but the relative amount of water and acetone in 
the solvent remains the same.) 


Because the time for 1097 reaction is independent of 
the substrate concentration, the student can readily 
show that the solvolysis is first order in tert-butyl chlo- 
ride. 


-1.0 
"T 
Hi 
! 230 
—40 
30 31 32 33 34 35 36 


1/T X 10? 


Figure 1. Student results for hydrolysis of tert-butyl chloride. E, = 
19.3 kcal/mole, calculated from slope. 


Temperature Variation 


The rate determination carried out at room tempera- 
ture should be repeated at two additional temperatures 
to illustrate in a quantitative fashion the marked tem- 
perature dependence of the rate constant. 


Prepare a water bath from a large benker and adjust the 
temperature (crushed ice) to about 10° below room tempera- 
ture. Before you mix the two solutions (see general procedure 
above), allow the temperature of the Erlenmeyer flasks to 
equilibrate in the water bath for about 5 min. (A piere of 
copper wire wound around the neck of the flasks and hooked 


* See FROST AND PEARSON (footnote 1), p. 40. 
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over the edge of the beaker provides a convenient support. , 
Try the reaction at least twice. 

Warm a large beaker of water to about. 10? above room tem- 
perature and repeat the above experiment twice. 


The method described here is readily adapted to very 
large organic laboratory sections and in spite of its 
simplicity, provides results of sufficient accuracy that an 
approximate activation energy can be obtained. (Data 
at room temperature is obtained from the first experi- 
mental procedure.) Figure 1 shows a student's 
Arrhenius plot. 


Solvent Polarity 


A unimolecular solvolysis reaction rovides an ex- 
cellent opportunity to demonstrate the importance of 
solvation in decreasing the energy difference between a 
highly polar transition state and a slightly polar ground 
State? Various mixtures of acetone and water ranging 
from 80 to 60% water by volume will change the time 


for 10% reaction of lert-butyl chloride by a factor of 
approximately 10. 


Pipet 2 ml of a 0.1 Af acetone solutio; 
one of the Erlenmeyer flasks and 0.2 ml of the 0.1 M NaOH solu- 
tion plus 7.8 ml of water and three drops of bromphenol blue indi- 
cator into the other flas - (80% water-20% acetone.) Carry 
out the reaction as previously described and carefully record the 
results. 

Design and carry out an ex; 
10% reaction of 
solvent, 


n of tert-butyl chloride into 


periment to measure the time for 


lert-butyl chloride in a 6097, water-40°% acetone 


Structural Variations in the Substrate 


Prepare a 0.1 M. acetone solution of igo; 
butyl chloride and repeat the fi 
After 5 min, heat the reaction mix 


propyl chloride or sec- 
rst experimental procedure, 
ture on a steam bath. 


The entire experiment 
If time is limited, portions 
omitted without loss of conti 
and discussio, 
instructor, 


is designed for flexibility. 
of the experiment can be 
? nuity. Pertinent questions 
n material are left to the discretion of the 


$ See SrREITW ISER (footnote 2), p. 43. 


Reprinted from Chemistry, Vol. 37, No. 2, 1961, pp. 23-27. 


LAB BENCH 


THIN LAYER CHROMATOGRAPHY 


Louis F. 


In “Chemistry in Three Dimen- 
sions" (1), a book intended for 
use in the study of organic chem- 
istry with plastic tetrahedral mod- 
els (2), the author recommended 
the experiment of isolating the red 
pigment lycopene from tomato 
He now suggests that the 
experiment becomes more mean- 
ingful if it is part of a group pro- 
gram 10 provide pigments for an 
exciting introduction to thin layer 
chromatography. The lycopene isol- 
able from 5 grams of tomato paste 
by the procedure given below 
n most, to 0.75 mg- of the 
is quantity 
chromato- 


paste. 


amounts, 
red hydrocarbon, but th 
s for numerous 
grams. Half of the group can ap- 
ply the same procedure to strained 
carrots and so provide a supply of 
g-carotene. 

Guaiazulene, 4 hydrocarbon 
zed by the rich blue color 


suffices 


characte! | | 
in solution or as an oil, is easily 
ed by dehydrogenating 


prej m S 2 
guaiene with sulfur in à high-boil- 


ing water-soluble solvent, followed 


ieser, Harvard University, Cambridge, Mass. 


by steam distillation. The blue oil 
that distils contains colorless im- 
purities, but these do not interfere 
with chromatography. Guaiazulene 
is the azulene chosen because 
guaiene is manufactured from à 
precursor alcohol of guaiac wood 
and is used in soap and cosmetic 
tive 


perfumes. It has excellent fir 
properties as well as à pleasant soft 
odor. If the reaction mixture from 
10 ml. of guaiene and 2.5 grams of 
sulfur is divided among 10 students 
for steam distillation, each can 
have the pleasure of observing 
droplets of blue oil condensing 
along with the water. Individual 
dehydrogenations on one tenth the 
scale would call for facilities for 
weighing which may not be avail- 
able. 


The Chromatographic Technique 


A 1 x 3 inch microscope slide is 
coated on one side with a thin 
layer of alumina and dried. A tiny 
amount of a solution of the sub- 
stance to be examined is spotted on 
the slide about 1 cm. from the end. 
The plate is then grasped at the 


mina by capillary flow. If the sub- 
stance is a pure colored compound 
capable of being eluted by the 
solvent, a spot appears, either 
traveling along with the solvent or 
at some distance behind the solvent 
front (leading edge of solvent). If 
two colored compounds are present 
and an appropriate solvent is se- 
lected, two spots will appear. Dif- 
ferences in structure or in molecu- 
lar weight produce differences in 
the tenacity with which compounds 
are adsorbed on alumina and hence 


CH CHs other end with a forceps and low- SPOTTED 
ered into a 4-ounce wide-mouthed SUBSTANCE 
Sag 42H38 bottle containing 4 ml. of an or- 
ganic solvent. The glass stopper is 
ens dd ns eia put in place and the time noted SOLVENT 
(Figure 1). The solvent travels 
GUAIENE GUAIAZULENE rapidly up the thin layer of alu- Figure 1, Thin layer chromatography assembly 
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their rate of flow (Rf) with respect 
to the flow of solvent. The Rf 
value of a given compound for a 
specific adsorbent-solvent system is 
given by the equation: 


Distance traveled by substance 


E ~~ Distance traveled by solvent 
The distance traveled by the sub- 
stance is measured from a starting 
line to the front (top) of a spot. 


Preparation of Plates. The adsorb- 
ent recommended is a preparation 
of alumina containing plaster of 
paris as a binder. [FAF alumina 
(Fluka alumina), Gallard-Schle- 
singer Chemical Mfg. Corp., 1001 
Franklin Ave., Garden City, L. 1, 
N. Y; Aluminum Oxide, Kensing- 
ton Scientific Corp., 1717 Fifth St., 
Berkeley 10, Calif.] 

Slides should be washed clean 
with water and a detergent, rinsed 
thoroughly with water, and placed 
on a clean towel to dry. A dry slide 
should be grasped by the two sides 
or the two ends, or with a forceps, 
without touching the working sur- 
face with the fingers, 

Place 2 grams of adsorbent and 
10 ml. of distilled water in a 25-ml. 
Erlenmeyer flask; stopper the flask, 
and shake it to produce an even 
slurry. Keep the flask stoppered 
when not in use. Place a clean, dry 
slide on a block of wood or a box 
with the glass projecting about 1 
cm. on the left-hand side (if you 
are righthanded) so that it can be 
grasped easily on the two sides, 
Swirl the flask to mix the contents 
and draw a portion of slurry into 
à medicine dropper, Hold the drop- 
per vertically and, starting at the 
right end of the slide, apply the 
slurry until the entire upper sur- 
face is covered; make further ap- 
plications to repair pinholes, and 
eliminate bubbles with the drop- 
per. Grasp the left-end of the slide 
with a forceps, and even the emul- 
sion layer by tilting the slide slowly 
to the left to cause a flow and then 
to the right; tilt it again to the 
front and then to the rear. The 
coated slide is conveniently dried 
on a 3-inch 70-watt hor plate (Wil- 
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kens-Anderson Co., 4525 West Di- 
vision St, Chicago 51, IIL) using 
as supports two double pairs of 
| x 7 em. strips of asbestos paper 
(or a pair of applicator sticks) 
resting on the edges of the hot 
plate. Use a forceps to transfer the 
wet slide to the hot plate and to 
remove it for cooling. Drying takes 
2 to 21/, minutes and the end point 
is apparent from inspection. A 
coated slide or plate, when cool, 
can be grasped at either the two 
sides or the two ends without dis- 
turbing the layer. The amount of 
adsorbent slurry specified. suffices 


for the preparation of about 16 
plates. 


Marking and Spotting. Place a 
coated plate over the accompany- 
ing template (Figure 2) and draw 
a horizontal line between the upper 
arrows wide enough to bare the 
glass and stop the solvent. The 
space above this line can be used 
for writing in appropriate data 
such as plate number and Starting 
time. At the bottom make small 
marks to indicate each end of the 
starting line for guidance in plac- 
ing spots at the position shown. If 


— 
08 
os 
Rf 
04 
02 
0.0 


N MARK ENDS OF 


STARTING LINE 


Figure 2. Template for marking coated plates s 


FOR WRITING 


DRAW LINE TO 


you later allow the solvent to rise 
just to the finish line, you can 
place the developed plate over the 
template and read off Rj values 
directly. 

Spotting is done with micropipets 
(cither style shown in Figure 3) 
made by drawing out a 5-mm. soft 
glass tube. The bore should be of 
a size that, when the pipet is dipped 
deep into benzene, solvent flows in 
to form a tiny thread whic h, when 
the pipet is withdrawn, does not 
flow out to form : drop. Style 4 
has an advantage in that it can be 
deaned, by introducing solvent 
benzene with a capill 
tube 


ary dropping 
(Arthur H. Thomas Co., 145 
mm. pipet, capillary 8216-D, with 


? ml. rubber bulb 8773.C) and 
To apply a test 


shaking it out. 
solution, let a 2 to 3 em. column 
of solution flow into the pipet. 
Hold this vertically over a plate; 
lower it until the tip just touches 
the adsorbent and liquid flows onto 
the plate; and withdraw it when 
the spot is about 3 mm. in diam- 
eter. Make a second spot about 4 
mm. in diameter; one spot may 


develop more satisfactorily than 
the other, 


BARE THE GLASS 


A 


Figure 3, Micropipets 


(CHa)aN. 
i 
4- DIMETHYLAMINOAZOBENZENE 
( YELLOW) 


Figure 4. Formulas of dyes present in test solution 
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a 
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i 
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SUDAN RED G INDOPHENOL 
(BLUE) 
(C) 
OCHs 
N. 
OCaHs 9 
CH3C-0—H 


Figure 5. Interaction of solvent and dye molecules 


Experiments with Dyes 


A spectacular introduction to the 
chromatographic technique utilizes 
a benzene test solution (Brinkmann 
Instruments, Cantiague Road, 
Westbury, N. Y., test mixture 25 10 
33) containing à yellow dye, a red 
dye, and a blue dye of the structures 
formulated (Figure 4) - 

In the first experiment, make 
two spots of the dye solution as 
described, and lower the plate with 
a forceps into à 4-ounce wide- 
boule containing 4 ml. of 
Noting the running time 
her or not separa ion is 
accomplished, record the Rf values 
and draw a diagram of the spots. 
The second experiment suggested 
differs only that the solvent Is 
a mixture ‘of 3 ml. of benzene and 
1 ml. of chloroform. 

In each of these first experiments 
clean separation of the three dyes 


becomes apparent in a minute or 


two; it is evident that the yellow 
nd that the 


dye travels the fastest à h 
red and the blue dyes follow in 
turn. Why? Well, the yellow dye is 

onhydroxylic (contains no 
en ai hence is more like the 
nonhydroxylic solvents (CoHe and 
CHa + CHCl) than the hydroxyl- 
containing red and blue dyes. The 
red dye contains à hydroxyl group. 
but it probably exists in the hy- 


mouth 
benzene. 
and whet 


drogen-bonded form 4 (Figure 5) 
and hence is less hydroxylic than 
the blue dye, which is incapable of 
internal hydrogen bonding. The 
most hydroxylic dye in this system 
would be eluted most slowly by 
the solvent. 

For a surprise, run another 
chromatogram of the test dye solu- 
tion in a bottle containing 4 ml. 
of a mixture of 8.5 ml. of cyclo- 
hexane (CHi) and 1.5 ml. of 
ethyl acetate (CH;CO: Hs). The 
yellow dye again leads the field, 
but the order of the red and the 
blue dyes is reversed. The probable 
explanation is that the carbonyl 

; = O) oxygen atom of ethyl 
acetate forms a hydrogen bond with 
the hydroxyl group of the red dye 
stronger than that from the nearby 
nitrogen and the dye exists in form 
B; the blue dye forms the similar 
complex C, and since C is compar- 
able to B but of smaller molecular 
size, it travels faster with the sol- 
vent than does B. 

Two further experiments, which 
present problems in interpretation, 
include running chromatograms on 
the test dye solution with cyclo- 
hexane (4 ml.) and with chloro- 
form (4 ml.) as the eluent solvents. 
In the first run, the mixed-colored 
spot does not move from the site 
of origin, and the result shows that 


none of the three dyes is scluble 
enough in cyclohexane to be eluted 
from the alumina. In the other, 
chloroform elutes all three compo- 
nents so readily that they travel 
nearly together along with the sol- 
vent front with poor separation. 


Hydrocarbon Pigments 


In addition to the blue hydrocar- 
bon guaiazulene, other pigments to 
be chromatographed are lycopene 
(red) from the tomato and £-caro- 
tene. (yellow) from the carrot. In 
all three hydrocarbons the color is 
attributed to the presence of ex- 
tended conjugated systems—tbat is, 
systems with alternating double 
and single bonds. 

These unsaturated hydrocarbons 
are very sensitive to photochemical 
air oxidation which produces color- 
less products, particularly when 
they are exposed on a thin layer of 
adsorbent. During the formation of 
a chromatogram they are protected 
by solvent vapor, but on removal 
of a plate from a chamber, a spot 
may disappear rapidly, and it 
should therefore be outlined im- 
mediately in pencil. 

In accordance with the rule that 
like dissolves like, the hydrocarbons 
would be expected to be eluted by 
a hydrocarbon solvent such as ben- 
zene or cyclohexane, Guaiazulene, 
being the smallest of the three, 
should travel the fastest with the 
solvent. Those who try these ex- 
periments will find this to be true 
and will observe that g-carotene 
travels ahead of lycopene. They 
should run one chromatogram of 
the three hydrocarbons in cyclo- 
hexane and another in benzene; if 
the blue pigment is spotted in the 
center lane and if care is taken to 
make the spots small, it should be 
possible to run the three hydro- 
carbons together on one plate. If 
either solvent fails to effect separa- 
tion of the red and yellow pigments, 
the failure should be understand- 
able from the results of the pre- 
ceding experiments on dyes. Hav- 
ing outlined the spots on a plate 
showing resolution of all three pig- 
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Figure 6. Lycopene 


Ch CH cm 


CH; 


Figure 7. -Carotene 


ments, note the order in which the 
spots disappear on exposure to air. 
The chromatographic character- 
ization of the lycopene and B-caro- 
tene samples presents points of 
particular interest. The tomato is 
reported to contain one part of g- 
carotene to 10 parts of lycopene: 
do the experiments provide evi. 
dence for the presence or absence of 
Birotene in the lycopene sample? 
Another problem for consideration 
is that of the Possibility of separat- 
ing à mixture of lycopene and B- 
carotene, say 1 gram of each. Those 
who have been indoctrinated in the 
microanalytical technique of thin 
layer chromatography should be 
able to comprehend easily the 
preparative technique of column 
chromatography. They should be 
advised, however, that the Pigments 
differ markedly in solubility. For 
example, 7.7 mg. of lycopene dis. 
solves in 100 8. of hexane at 0° C, 
compared to 109 mg. of g-carotene, 
À rational procedure for separat. 
ing the ]:1 mixture would be first 
to crystallize the material from a 
hydrocarbon solvent, 


with reason. 
able expectation of obta ga 


Crystallizate consisting. of pure or 
almost pure lycopene. Material re- 
covered from the mother Ji 
could then be adsorbed on à 
elution of the column wi 
should yield initial fr. 


taining Pure B-carotene. 


ith hexane 
‘actions con. 


Fluorescence 


Anthracene js à colorless hydro. 
carbon, and when a benzene solu- 
tion is applied to a thin layer of 
alumina and let dry, 


no spot is 
sible, However, 


if the plate is 


26 


294 


viewed under à source of ultra- 
violet (UV) light a beautifully 
fluorescent spot is observed. The 
plate should then be lowered into 
«chromatogram chamber contai 
ing benzene and the solvent al. 
lowed to travel for a few centi- 
meters. The travel of the anthra- 
cene spot cannot be followed 
during the running of the chroma- 
togram under -UV irradiation 
because the glass of the bottle ab- 
sorby UV light, However, if the 
plate is removed from the chamber 
and examined under a UV lamp, 
a fluorescent Spot that can be out. 
lined in pencil appears. 

DO NOT LOOK INTO Uv 
LIGHT, for eye injury may result. 

Nest place the plate in a 4-ounce 
boule containing a few crystals of 
iodine (USE SPATULA) and close 
the boule with a Blass stopper. If 
no change is ‘asily apparent after 
a few minutes, remove the plate 
for closer inspection and see if the 
encircled spot has turned brown 
where iodine vapor has dissolved 
in the anthracene that has mi- 
grated. The technique of iodine 
development is the standard 
method for following thin layer 
chromatograms on organic com- 
Pounds that are colorless and non- 
fluorescent, but some practice i 
required to attain proficiency. in 
identifying the brown spots. An 
iodine spot once detected should be 
outlined in pencil at once, for the 
iodine soon volatilizes, and the 
spot disappears. 


Preparation of Pigments 


Guaiazulene. Place 10 ml, 
of guaiene (Aldrich Chemica 
waukee 10, Wisc): 2.5 grams of sulfur: 


and 25 ml. of triethylene glycol di. 
methyl ether (Eastman Organic Chem 
icals’ 1,2-Bis (2-methoxyethoxy) ethane. 
bp. miscible with water) in à 
100-ml. round-bottomed flask mounted 
in a clamp over a microburner (hood) 
Attach a reflux condenser and in the 
opening insert a onc-hole No. 5 rubber 
Stopper. carrying a short glass tube, 
along with an applicator stick between 
the stopper and the condenser to make 
à vent to the atmosphere. Connect the 
glass tube to the suction pump, and 
Apply enough suction to sweep the In 
drogen sulfide formed down the drain 
carborundum boiling stone, heat 
ing. and reflux the mixture for 
one hour, A blue color is som 
Parent, but at the end it is masked bn 
brown impurities. Cool the dir. mis 
ture to room temperature and use 
metalscoop, one tablespoon measure, 
to divide it into 10 parts, each of whack, 
is poured into a 250m]. listiling thisk 
Fill the flask half full with water, con 
nect the flask to a condenser for down 
ward distillation, insert a bailing sane 
and a cork stopper, and distill api 
until the residual volume is reduced 1o 
about one half. Cool the condensate if 
itis warm, and rinse blue oil adhering 
to the condenser into the receiving lah 
with a little methanol or acetone tear 
llammable). Pour the condensate ima 

separatory funnel. and rinse out i 
k with 25. ml. of benzene. (flam 
mable). Add. the. benzene. solution tà 
the funnel and shake to bring th, 
blue avulene all inte solution in the 
benzene. Then run out and discard the 
water liver, Run out the blue benzene 
solution into a small flask, and add 4 
little anhydrous sodium sulfate to aly 
sorb adhering water. ‘The benzene so 
lution of guaiazulene is then ready for 
use in chromatography 


ap 


Lycopene and g-Carotene. Commercial 
tomato paste is a satisfactory starting 
Material since it contains only about 
TI, of water and is free from the seeds 
and skin of fresh tomato fruit, the 
Amer content of which is close to 060. 
\ jar of strained carrots (baby food) 
serves as a convenient soune of g. 
carotene, 


\ dispenser is made by con 
an 18cm, 


necting 
ction of 11mm. glass tubs 


ing by means of a No, 00 rubber stop- 
Per and a short section of 5 mm. glass 


tubing to a 50-cm, length of 1/xinch 
rubber tubing. The open end is cali. 
brated to deliver 5 grams of tomato 
Paste and marked with a file scratch. 

«apt Prust the dispenser into à can or 
Jar of fruit paste nd suck UP paste to 
the scratch m rk. Then wipe the tube 
with a al tissue, insert it into a 
79 X 150 mm. test tube, and blow out 
the paste onto the bottom of the 


re- 


27 


ceiver. Wash the dispenser tube clean 
with water and leave it bpright to 
drain for the next user, 

Add 10 ml. of 95% ethyl alcohol, in- 
sert a cold finger condenser (Figure 8), 
heat to boiling, and reflux for five 
minutes. Then filter the hot mixture 
on a small suction filter. Scrape out 
the tube with a spatula, let the tube 
drain thoroughly, and, squeeze liquid 
out of the solid residue with a spatula. 
Pour the yellow filtrate into a 125-ml. 
Erlenmeyer flask for storage. The solid 
residue is now sufficiently dehydrated 
to be extracted with a solvent more 
effective for dissolving hydrocarbon 
pigments. Return the solid residue, 
with or without adhering filer paper, 
to the original test tube. Add 10 ml. of 
methylene chloride (CHsCl,. b.p. 41°, 
sp. gr. 1-4. USE HOOD), insert the con- 
denser, and reflux the mixture for 
three to four minutes. Filter the yellow 
extract, and add the filtrate to the 
storage flask. Repeat the extraction 
with two or three further 10-ml. por- 
tions of methylene chloride. Pour the 
combined extracts into a separatory 
funnel, add water and a little saturated 
sodium chloride solution (to aid in 
layer separation), and shake. Run the 
colored lower layer through a cone of 
anhydrous sodium sulfate into a dry 
125-ml. Erlenmeyer flask and evaporate 
to dryness on a steam bath in the hood. 
The residue is the crude carotenoid 
pigment, lycopene or B-carotene. 

Purification is accomplished by chro- 
matography on acid-washed alumina 
(Merck) in a column packed as shown 
in Figure 9. Close the stopper of an 


re 8. Reflux assembly 
with cold finger condenser 


Figu 


SOLVENT 


SAND 


ALUMINA 


SAND 
COTTON 


Figure 9. Chromatography column 


ungreased 50-ml. buret and fill it to the 
35-ml. mark with 30 to 60° petroleum 
ether. With a wooden dowel, push a 
small plug of cotton through the sol- 
vent to the bottom of the buret, dust 
in through a funnel enough sand (dry) 
to form a l-cm. layer over the cotton, 
and level the surface by tapping. Un- 
clamp the buret and with the right 
hand grasp both the top of the buret 
and the funnel, so that the whole as- 
sembly can be shaken to dislodge alu- 


the left 
of alumina from a test tube. When the 


fine powder has settled, add a little 
sand to form a protective layer at the 
top. Open the stopcock, let the solvent 
level fall until it is just above the upper 
layer of sand, and then stop the flow. 

Dissolve the crude carotenoid pig- 
iters of benzene, 
and with a capillary dropping tube 
transfer the solution to the column. 
Put a 50-ml. Erlenmeyer flask in place 
as receiver, open the stockcock, and 
elute the column with 30 to 60° pe- 
troleum ether—that is, pour in solvent 
to fill the tube, and add additional por- 
tions as required. Discard initial color- 
less fractions and collect all yellow or 
orange eluates together in a 50-ml. 
Erlenmeyer. Place a drop of solution 
on a microscope slide, and evaporate 
the rest to dryness. Examination of the 
material on the slide under a micro- 
scope after the solvent has evaporated 
may reveal crystallinity. Then put a 
drop of concentrated sulfuric acid be- 
side the sample, and mix with a stirring 
rod. Compare the color of your test 
with that of a test on the other 


carotenoid. 


Finally, dissolve the sample in the 
least amount of methylene chloride, 
hold the Erlenmeyer in a slanting po. 
sition for drainage into a small a. 
and transfer the solution with a capil. 
lary dropping tube to a 10 x 75 ml. 
test tube. Add a tiny carborundum 
boiling stone, hold the test tube over 
a hot plate in a slanting position, and 
evaporate to dryness. Cork and label 
the test tube, and keep it in a dark 
place. When a solution is required for 
thin-layer chromatography, add about 
05 ml. of methylene chloride and 
shake. The sample may not all dis. 
solve because of partial air oxidation 
to insoluble material, but there should 
be enough colored supernatant liquid 
for numerous experiments. Keep the 
solution out of light, and when no 
more is required evaporate off the sol. 
vent for safer storage. 
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As far as the general public is concerned, gas chro- 
matography itself has received little attention but the in- 
formation it is uncovering by snooping into areas such as 
food and water supplies is. Products previously. con- 
sidered pure have been found to contain many other 
components, and frequently even brand names and 
sources can be identified. 

In terms of pesticides, publication of the book, 
“Silent Spring,” triggered the controversy, but gas 
chromatography has kept it alive. Minute quantities in 
the range of 10-% gram can be detected, and because of 
this, insecticides on vegetables can be identified, even 
after the vegetables have been washed and placed on 
market shelves. This accomplishment has led to two 
other problems: fixing maximum allowable content o 
insecticides in food products and establishing their 
effect on the human metabolism, 

In 1906 Michael Tswett, a Russian botanist, 
percolated a solution of chlorophyll through a 
column packed with pulverized calcium car- 
bonate and found that fractions of chlorophyll 
separated into colored bands. He called the 
process chromatography. 

However, the process observed 
(liquid-solid chromatography) still 
definite disadvantages— 
percolated through pac! 
into colored bands doe: 


by Tswett 
today has 
when most solutions are 


ked columns, separation 


s not occur, and no good 


method has been developed to identify fractions 
as the 


emerge from the column. Therefore, the 
liquid is generally collected in small portions, 
each of which must be z 


lyzed separately. 
Later another process was developed, In 
1941, two British chemists, A. J. P. Martin and 
R. L. M. Synge, published a paper (7) on liquid- 
liquid partition chromatography using a liquid 
(mobile phase) percolated through a tube 
packed with solid particles which had been 
coated with another liquid (immobile phase) 
immiscible with the first. In one small paragraph 
they suggested that a gas might replace the 
liquid mobile phase and a nonvolatile liquid 
coated on the inert solid particles could be the 
immobile phase. Thus, a mixture of two or more 
compounds vaporized into a gas could be sepa- 
rated according to their vol 


atilities and solu- 
bilities in the liquid which had been coated on 
the particles. However, because of World War 
I, this suggestion was laid aside. 


Then during 
the fifties, the technique was developed rapidly 
and be 


me known as vapor-liquid partition 
chromatography, then 


liquid chromatography, 


vapor-liquid or «a. 


d finally eas chro- 
matography. Technically the term can re 


gas-solid chromatography, but more often it 
applies to the gas-liquid type as used in this 
article. In this process, components of mixtures 
can be detected automatically 
from the column. 

In the brief span of 15 years gas chromatog- 
raphy has resulted in a major breakthrough in 
separation and analysis of complex mixtures of 
gases, liquids, and solids bec 
minute quantities of m. 
milligrams). However, s; 


able at the temperature of operation, and for 
this reason gas chromatography has found its 
greatest use in organic chemi TY. Recently 
though it has been used to a limited extent for 


inorganic compounds where higher tempera- 
tures are required, 


to 


as they emerge 


ause it 


1 analyze 
aterial (micrograms to 


iples must be y poriz- 


Basic Principles of Chromatography 
All chromatographic proce: 
chromatography is but one, have 


a mobile and an immobile phas 
phase may be 


usually in the form of 


nobile 
solid, it is 
à powder packed into 
usually coated as 


a 


I nd as it is swept 
mobile phase, its Components arc 
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Figure 1. À g 
detector which 
ponents and tim 


adsorbed onto the surface of the immobile phase 
(if solid) or dissolved in the immobile phase (if 


liquid). 

As pure mobile pha 
behind the sample, components of the sample 
desorb back into it. ‘This adsorption-desorption 
continues through the column. Since 
in the sample spend some of their 


€ passes into the column 


proce: 


molecule: 
time in the immobile phase they move through 


the column more slowly than those in the mobile 
pha Iso because cach component move ata 
different rate, depending on its attraction for 
phase, the components separate 

column and emerge at the 


the immobile 
they pass through the 
other end at different times. 


A Gas Chromatograph 
Figure 1 is a schematic drawing of a gas cli 
matograph used in our laboratorics. Figure 2 is a 
photograph showing at the right the column and 
detector oven: which are home-made. The unit 
on the left, consisting of the recorder and clec- 
tronics for the detector, is part of a Barber-Col- 
man Model 20 chromatograph. . 
The mobile phase, usually called the carrier 
helium, argon, or nitrogen 
. Gas pres- 


chro- 


commonly 
{ in a high pressure cylinde 


column inlet is usually maintained at 
h, but the column 


gas. 
contained 
sure at the ù 
10 to 25 pounds per square incl 


COLUMN 


as chromatograph consists of three main 
monitors the gas mixture leaving the 
c they leave the column. S. S. = stainless steel 


PRESSURE 
REGULATOR 


HIGH PRESSURE 
GAS CYLINDER 


PACKED SECTION 


(D SILICONE RUBBER — 

bl STOPFERS 

El Q 1/16" DIAMETER — 
i S.S. TUBING = 


parts: sample injection section, separation column, and a 
column. The detector indicates relative amounts of com- 


outlet and detector are usually at atmospheric 


pressure. Gas flow rate is determined by the 


column inlet pressure. 

The sample, either a liquid or a solid dis- 
solved in a volatile liquid, is injected with a small 
ringe through the silicone stopper which is 
self-scaling. The sample is deposited in the glass 
wool which is maintained at a temperature of 
50? to 100? C. above that of the column. This 
causes rapid vaporization of the sample, which is 
then carried into the packed section of the 
column. As it travels along this path, the com- 
ponents, moving at different speeds, separate and 
emerge from the column at different times. The 
through the detector 


gas stream then pas 
which senses changes in some physical property 
of the stream and converts the change into an 
electrical signal which is automatically recorded 
as a peak on a strip chart recorder. The result, a 
continuous record of detector signals vs. time, is 
called a chromatogram, 

Columns and Packing 
columns, made usually from glass or metal tubes, 
can be straight, U-shaped. or coiled. Diam- 
eters range from '/s to !/, inch and lengths 
from 1 to 20 feet. The packing consists of small 
particles of an inert solid (support), commonly 
diatomaceous earths, consisting mostly of silicon 
dioxide coated with a liquid which is usually 


Gas chromatographic 
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Figure 2. Photograph 
ofthe chromatograph 


298 


14 


nonvolatile at room temperature. The liquid, 
ranging from 1 to 20% of the packing weight 
then mixed with a volatile solvent, slurried with 
the support, and spread on a tray 
solvent to evaporate. The nonvolatile liquid re- 
mains coated on the support. Such a coated sup- 
port appears dry and is free-flowing. Frequently 
coated and uncoated solvents differ very little in 
appearance. 

The chromatographic columns normally are 
contained in constant temperature ovens op- 
erated at different temperatures, depending on 
volatility of the sample being analyzed. Low 
volatility requires higher temperatures than 
high volatility. Temperatures can vary from 
below room temperature to 300° C. and in spe- 
cial cases up to 1000° C., but use of higher tem- 
peratures is limited by the type of materials from 
which chromatographs can be made and availa- 
bility of liquid phases which can withstand high 
temperatures. No liquid is completely nonvola- 
tile and volatility increases with temperature. 
Therefore in actual practice liquids continually 
bleed off a column and gradually change its 
characteristics so that ultimately the column 
must be replaced. However, at lower tempera- 
tures, bleed rates are small and columns can be 
used for several months to a year. At high tem- 
peratures bleed rate increases and columns 
deteriorate rapidly. Other factors which may 
limit higher operating temperatures are decom- 
position of the liquid phase and cither chemical 
reaction between the sample and Jiquid phase or 
catalytic decomposition of the sample by the 
liquid phase, 

Because of volatility limitations, most liquid 
phases used above 200° C. are polymers such as 
silicones, polyesters, and polyglycols, many of 
which are solid at room temperature but liquefy 
at operating temperatures, 

The degree to which sample components are 
separated depends on their solubility in the 
immobile phase deposited as a thin film on the 
support. All components dissolve to some extent, 
but the least soluble, swept by the carrier gas, 
emerges from the column first. If the proper 
immobile phase is used, differences in solubilities 
are sufficient for complete separation prior to 
emergence from the column. 

Some stationary phases separate components 
according to boiling points, but others will retain 
components having certain functional groups. 
For example a paraffin-type stationary phase 
will separate propane, butane, pentene-1, and 
pentane in that order (according to boi ing 
points). Polyethylene glycol, however, will 


Separate in the order of propane, butane, pen- 
tane, and pentene- 


to allow the 


1. In many cases, components 


having essentially the same boiling points can be 
separated by the proper choice of columns. 
Hundreds of different materials are used as 
the liquid phase. “Rules of thumb” are available 
for selecting these materials for a specific analy- 
sis but the novice should first read some basic 
texts on gas chromatography and then consult 
some abstracts to determine whether or not 
mixture similar to his has already been analyzed. 
Column length and diameter, as well as nature 
and amount of liquid phase used, also influence 
the degree of separation obtained The retention 
time of a peak is defined as the time elapsed he- 
tween injection of the sample and emergence of 
the maximum Concentration point from the 
column outlet. The degree of s Paration between 
two peaks depends on the ratio of their retention 
times and on the ratio of the w idth of ez 
to its retention time, W. ‘te. The ratio I 
fluenced also by column length and diameter — 
increasing with decreasing diameter and de- 
creasing with increasing length. 
Various liquid phase loadings ( 
liquid phase relative to Support) are used to con- 
trol retention times, which in turn determine 
the time required for analysis, 
creases, retention time 


a 


ich peak 
[tp isin- 


amounts of 


As loading in- 
also increases. Some- 
times, very low loadings are required; for c 
ample, steroid loadings are 
weight. 

Column and Detector Ovens. 
are essentially thermostated be 
of metal and well insulated. 
ovens air is circulated with 
detector oven is Separate and maintained ata 
temperature higher than that of the column 
oven to ensure that no condensation of sample 
components occurs, 

Vaporization Chamber, In Fi 
vaporization chamber is 
in other instrume: 
heated metal block placed ahe; 


1 to 3% of packing 


These ovens 
*xes usually made 
In most column 
a fan or blower. The 


gure ] the 
part of the column, but 


a small 
ad of the column, 
critical for many 
must be vaporized 
n which causes some 
nts to remain in the 
carbonize. This Causes 
sometimes irrey 


ersible 


the gas stream 
Its of a matched 


COLUMN 


DETECTOR 


resistance. When no samples flow 
through the column, resistance change of both 
wires is the same; however when a sample is in- 
troduced and its components flow through one 
compartment the wire there is cooled more than 
the other and its resistance increases. The differ- 
ence in resistance is then indicated on a strip 
chart recorder as shown in Figure 3. 

Other types of detectors commonly used in- 
volve ionization of the sample components in a 
high potential electrical field and amplification 
and measurement of the resulting ionization Cur- 
rent. Detectors of this type are highly sensitive. 


changes their 


tive and Quantitative Analysis 


e aspects of chromatography 
known components can be 
mparison with known 
wn mixtures can be 


Qualita! 


The qualitativ 
are important—unl 
tentatively identified by co: 


standards and two unkno 
compared, even though no reference standards 


are available. Given a certain chromatographic 
column operated under specific conditions, a 
certain mixture of components will give the 
same chromatogram tracing cach time it is 
analyzed. Hence if two mixtures give different 
chromatograms the conclusion is reasonable that 
the mixtures differ in compos! n even though 
their components are unknown (Figure 4). On 
the other hand, if the tracings are identical it can- 
not be assumed that composition of mixture is 
identical. One may contain two components 
which have not been separated and the other 
may contain only one of these components. 
Qualitative analysis is possible because, given 
constant operating conditions, à particular com- 
pound will be retained in a given column for 
the same length of time regardless of how many 


times the analysis is performed. 


Figure 3. Development of the ch 
fusis S Dewslonment et dic hromirani P 
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f. Sample containing com 
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The retention time depends on type and 
amount of immobile phase coated on the solid 
support; column temperature, length, and diam- 
eter; and flow rate of the carrier gas. Some com- 
ponents can be identified by comparing reten- 
tion time with that of a known standard. But 
many compounds have the same retention time, 
and therefore identification by this means must 
be considered tentative unless additional infor- 
mation is available. Frequently other techniques 
of identification are used, such as infrared 
analysis. | 

In a chromatogram for multicomponent mix- 
tures, the relative area under each peak depends 
on percentage of that component in the original 
sample. In many cases the relative area is equiv 
alent to the percentage composition but for thi: 
to be true the equipment must be in proper ad- 
justment and the components must be similar in 
chemical nature. If two components are present 
in equal quantities but differ chemically they 
may appear to be present in a markedly different 
ratio. Therefore to obtain an accurate qualita- 
tive analysis, identity of the components must be 
established. When this has been done, relative 
areas under the peaks can be converted to per- 
centages by using correction factors determined 
from analysis of a reference standard. Also a 
known amount of a standard can be added to 
the sample before analysis, but the standard 
should be merely similar chemically to the com- 
ponents and not identical. 


Temperature-Programmed Procedure 


Gas chromatographic analyses are carrie 


d out 
cither at constant temperature 


sothermally) or 
by temperature Programming which is useful for 
complex mixtures containing several compo- 
nents having a wide range of volatilities, If the 
analysis is run isothermally at a low tempera- 
ture, too much time is required for the less vola- 
tile components to emerge from the column, If 
the temperature is too high, the more volatile 
components emerge too fast and bunch up, re- 
sulting in poor separation, 

With temperature programming, 
is started at low temperature which is then con- 
tinually raised. Thus the more volatile com- 
ponents emerge slowly enough to be Separated 
and the less volatile fast enough to be pr. 


the analysis 


actical. 
Applications 


The controy 
tion of “Silen 
rapid develop; 
pesticides, T] 
detector, 


ersy aroused partially by publica- 
t Spring" has contributed to the 
ment of techniques for analyzing 
he ultrasensitive electron c; 


apture 
capable of detecting quantities 


in the 
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range of 107 gram, can identify insecticides 
used on vegetables even after the produce has 
been washed and placed on supermarket shelves. 
Bache and others (7) have determined that 
tomatoes which received four pounds of 2,5. 
dichlorobenzoic acid (amiben) per acre con- 
tained about 0.03 part per million of this insecti- 
cide on harvesting. The Governments problem 
is in fixing the maximum allowable content of 
these insecticides in food products. Now that 
they can be detected in small quantities, their 
effect on human metabolism in these concentra- 
tions must be established. 

It has been said that “gas chromatograph 
has made the chemist honest. 
has shown that 


The technique 
many compounds previously 
considered pure actually contain many other 
components. Where products normally contain 
a variety of components, the brand or source 
frequently can be identified 
food products by gas chromatography has de- 
veloped rapidly because it is a convenient and 
rapid method for determining quality. Adultera- 
tion of cooking oils can be detected more readily, 
Many margarines, cooking oils, and other 
Products are promoted as beneficial because of 
their high “polyunsaturated” content, The term 
polyunsaturated in this case refers to the polyun- 
saturated fatty acids, mainly linoleic acid which 
has two double bonds within its 18-carbon- 
atom chain length. Linoleic acid is a major 
constituent of cottonseed oil. Oliv 
primarily of oleic acid which h; 
double bond within its 18-carbon chain. Stearic 


acid, which has the same chain length but is 
completely saturated 
of lard. 


Although the 


The analysis of 


oil consists 
as only one 


» is the major component 


chromatograms for a type of oil 
may vary somewhat depending upon the scason, 
the country in which the plant was grown, the 
species, and other factors, the patterns are gen- 
erally quite similar. Conseque: 
simple to determine whether 
seed, olive (Figure 5), or pea 
oils used to pre] 


ntly, it is relatively 
a sample is cotton- 
nut oil. Sometimes 
pare a blend can be identified Dut 
this is difficult and requires more experience. 
One of the problems confronting the food 
dustry is adulteration of lower priced oils to give 
them the appearance of higher grade products. 
Development of chromatographic techniques 
makes such adulteration more difficult. 

In some instances the chromato: 
instead of being filled with 
may consist of a long capillary tube which has 
the stationary phase coated directly onto the 
inside wall. These columns in many cases are 
capable of producing significantly better separa- 
tions than are the conventional packed columns, 


graph column, 
a coated support, 
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Figure 5. Chromatograms for edible oils. 


Capillary columns have been very useful for 
analyzing very complex mixtures—for example, 
to determine changes occurring during storage 
(3), an analysis of orange oil indicated at 
least 72 components were present; only 23 were 
tentatively identified. After the oil had been 
heated for 20 hours, several new peaks appeared, 
and the proportion of many other components 
had changed. Some of these have not yet been 
identified, and consequently the relationship to 
flavor change must yet be determined. 
Preparative gas chromatography is one spe- 
cialized area which has contributed immensely 
to our knowledge of the composition of many 
natural and synthetic products. Frequently con- 
aration techniques such as distilla- 
tion, extraction. and crystallization are not effi- 


cient enough to separate completely all of the 
a complex mixture. Gas chro- 
sis, based upon the separation 
ponents, is conducive to the 


dividual components in a 


ventional sep: 


components in 
matographic analy: 
of the individual com 
preparation of the in 


highly purified state. | . 
However, an efficient collecting system is 


needed at the end of the column because 
amounts collected are relatively small. U sually 
the amount of sample to be purified is consider- 
ably larger than can be handled by a single in- 
jection into column. One method of overcoming 
this is to use larger columns, although this 
sacrifices separation efficiency. Columns up to 
one inch in diameter are often used and there 
are a few references to larger sizes. A more com- 
mon technique for purification of large quanti- 
ties of material is the use of a chromatograph 
equipped with an automatic sample injection 
and collection device. Here, a sample can be 
iniected repeatedly on a cyclic basis and the 
components collected in separate containers. 
Many such units are commercially available. 


Left, Wesson oil (cottonseed oil) methyl esters. 


à 6 3 w 5 
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Preparative gas chromatography may be used 
to obtain highly purified compounds for use as 
reference standards, or for subsequent chemical 
synthesis. One of the more common uses, how- 
ever, is to isolate unknown components in suffi- 
cient quantities so that other methods of analysis 
can be used for identification purposes. This 
technique has been used, for example, to identify 
some of the components in cigarette smoke, 
smog, strawberry oil, liquors, and fuel oils. 
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Stephen E. Wiberley ond 
Herbert H. Richtol 
Rensselaer Polytechnic Institute 
Troy, New York 


Recent improvements in the teaching 
of high school chemistry and the advent of general 
chemistry texts with a change in emphasis plus the 
availability of undergraduate equipment grants from 
the NSF have brought changes in many first year 
college chemistry courses. : . 

The purpose of this article is to describe a pilot 
chemistry program which was initiated at Rensselaer 
Polytechnic Institute three years ago. The content 
of the course was directed toward the understanding of 
fundamental principles with the assumption that all 
of the students in the program had taken a year of 
high school chemistry. The textbook used in the 
program was “Principles of Chemistry" by Hiller 
and Herber. Ten percent of the freshman class 
(80 students) took the course. 

In the second year of the program, about one third 
of the freshman took the Dilot course (about 300 
students). Students selected were a typical cross 
section of the freshman class with no particular orienta- 
tion toward chemistry. In the present academic 
year the entire freshman class is taking this course 


(approximately 800 students), 

he program consists of two lectures, one recitation 
period, and one three-hour laboratory period each 
week. The lectures are i 


with each professor lectu 
specific research interest. 
tended by the entire staff 
In addition, recitation sections 
of about 40 students by the lecturers plus additional 
Professors from the department. Only two well- 
proved graduate students have recitation sections; 
the other sections have full-time staff at their helm. 
The idea of having different professors lecture in 
the course has some interesting aspects. To cite one 
advantage, the students look forward to viewing a 
new face and new idiosyncrasies. Secondly, the staff 
enjoys seeing how a professor handles a particular 
topic. It is safe to state that the professors probably 
enjoy their colleague’s lectures more than the students 


do. They are certainly more appreciative of the 
effort involved, 


are handled in groups 


gram at RPI, 


1 This program was developed by Professors L.G. Bassett and 
H. M. Clark with the cooperation of the entire Chemistry Depart- 
ment, and in particular Professor H. M. Faigenba; 
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À New Freshman Chemistry 
Laboratory Program 


The Laboratory Program 


The laboratory is headed by one professor in charge 
who devotes practically full time to this program. 
Each of the eight laboratory sessions is under à staff 
member's supervision and the laboratory assistants 
are full-time graduate students majoring in chemistry. 

In the first semester, each student has his own 
qualitative analysis desk for the laboratory period; 
however, the same desk is used by seven other students 
during other laboratory periods. The same system is 
applied to the quantitative analysis experiments. 
As long as an ample supply of glassware (especially 
test tubes) is in each desk, there is little temptation 
for students to disturb corked and labeled test tubes. 
To the amazement of the teaching staff, there were 


very few instances of students not finding left-over 
materials. 


students. In order to have each experiment performed 
simultaneously each laboratory period, it has been 
found necessary to have four instruments 


Description of Experiments 


All the freshman chemistry stud 


ents have one three- 
Period a week, 


In a fifteen-week 


basic techniques fairly rapidly, 
the required amount of w 


lotted to qualitative analysis, 
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students, general unknowns and anion analyses can be 
performed in the time remaining. 

Two weeks are allotted for learning basic quantita- 
tive techniques in the gravimetric analysis of a soluble 
chloride salt. The accuracy generally required in a 
sophomore quantitative analysis course is expected 
for this experiment. 

Since organic chemistry and structure are taught 
in lecture during the first semester, the last three 
experiments in the first semester are designed to 
complement these subjects. The preparation of 
n-butyl bromide acquaints the students with the tech- 
niques of refluxing, distillation, solvent extraction, 
and purification. The entire synthesis takes about 
2 hours; the remaining hour is spent calculating yields, 
and checking the purity of the product by means of 
a Perkin-Elmer Model 154 Gas Chromatograph. A 
laboratory instructor must spend 15 min showing the 
students the basics of the instrument, and must be 
available while the students are operating the gas 
chromatogra phs. 

Infrared spectra are obtained for salicylic acid 
and the synthesized aspirin on a Perkin-Elmer Model 
137 Infrared Spectrophotometer. The spectra are 
compared, and a very simple functional group analysis 
is performed. The instrument is very simple to 
operate and the necessary infrared techniques can be 
demonstrated in about 10 min. The laboratory 
instructor is available for consultation and extra 
help during these final stages. . 

A three-hour laboratory session devoted entirely 
to the construction of molecular models, with time 
out to review, compare, and draw structures is very 
helpful to the students. Fisher-Taylor-Hirschfelder 
models are used in this experiment, and the students 
construet the following molecules: aliphaties such as 
propane and butane, substituted aliphatics and an 
illustration of isomerism, benzene, and various sub- 
stituted benzene derivatives, illustrations of optical 
activity with asymmetrie carbon atoms, and inorganic 
hexacoordinated complexes. . 

During the second semester twelve experiments are 
carried out. It is unusual that experiments of the 
caliber performed in the second semester are stage 
so early in a students college career. No attempt was 
made to dream up a set of “oddball” experiments, 
but an effort was made to select experiments ge ae 
meaningful in relation to the lecture materia - 
the use of equipment that the students will see ag 
for many years to come. | | 

Pas relationships are studied in the "wg dinis 
entitled Chemical Microscopy and Crystal ms ls 
and a Two Component Phase Diagram. imple 

: i stal growth experi- 
microscopes are used in the cry: Ee ss sudh ad 
ment, and the habits of inorganic materia s su hd 
sodium chloride and potassium dichromate ehe 
served. Students are then required to commen on 
the simple kinetic factors leading to the — 
they observe under the microscope. In e dent 
component phase diagram experiment, n es ida 
determine the entire liquidus-solidus curve ot E simpl 
binary system like naphthalene-p-dichloro ERA 
Boiling water and cold tap water are the only tempe 
ture baths required in this experiment. 


Experiments are carried out in volumetric analysis, 
column adsorption chromatography, and freezing 
point depression. Since these experiments are fairly 
standard, they need no additional comments. The 
experiment involving ionie solution kinetics enables 
the students to obtain and analyze kinetic data for a 
simple clock reaction like the persulfate-iodide ion 
system. The next experiment deals with the inorganic 
synthesis of two complexes of Co(III). These com- 
plexes are carbonatotetramminecobalt(III) nitrate and 
chloropentaamminecobalt(III) chloride. Good labora- 
tory technique is necessary in this experiment, and 
by this stage most of the students can perform the 
experiment successfully. 

The determination of at least one important con- 
stant of chemical interest is desirable' in a freshman 
chemistry laboratory. Avogadro’s number is deter- 
mined coulometricall by the electrolysis of water. 
Two second semester experiments deal with equilibrium 
in solution. The first experiment is the determina- 
tion of the equilibrium constant of an indicator, such 
as bromeresol green. The equilibrium constant is 
obtained colorimetrically with a Bausch and Lomb 
Spectronic 20. The second experiment is the poten- 
tiometric determination of Fe(II) ions by titration 
with Ce(IV) solutions. A Leeds and Northrup student 
potentiometer is used in this portion of the experiment. 
The pH titrations employing simple Photovolt pH 
meters form the basis of the second portion of this 
experiment. 

An experiment in gas chromatography deals with the 
qualitative and quantitative analysis of multicom- 
ponent mixtures. An aromatic mixture of benzene, 
toluene, and the xylenes is analyzed, as well as an 
aliphatic mixture of isomers of hexane, heptane, and 
octane. 

A thermodynamies experiment is also included in the 
second semester laboratory program. The heat of 
precipitation of aluminum hydroxide is measured 
using Dewar flasks as calorimeters. 

The last experiment is in the field of radiochemistry 
and deals with two applications of this area of work. 
These two applications are the determination of the 
half life of “Pr and a distribution equilibrium of 
20Bi between water and chloroform containing 8- 
hydroxyquinoline. The nuclides chosen are of such 
activity that no radiation hazard involving special 
laboratory arrangements is involved. All chemical 
manipulations in this experiment are drastically 
simplified and carefully worked out in order to mini- 
mize any possible spillage. 


Conclusion 


The consensus of the staff and teaching assistants 
involved in supervising the laboratories is that the 
experiments are quite effective and a decided comple- 
ment to the lecture material. The students generally 
enjoy doing the experiments and are appreciative 
and respectful of the expensive instruments used, 
It is anticipated that more experiments will be added 
to the list already in use. However, only experiments 
of the same general level will be added. The authors 
would be happy to send further details of the labora- 
tory program to interested parties. 
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MODELLING OF CHEMICAL STRUCTURES WITH EXPANDED 


POLYSTYRENE SPHERES 


By K. S. TETLOW, M.A., B.SC., F.R.I.C. 
Belle Vue Boys’ Grammar School, Bradford 


New Trends in Chemistry Teaching, Vol. 1. Contribution No. m 


Model 1. 


The modelling of chemical structures with expanded poly- 
styrene spheres has been a practice in the U.S.A. for some 
years, and Sanderson! has devised a teaching method in 
which his electronegativity scale is reflected in his models. 

Expanded polystyrene spheres are now manufactured in 
Britain? forteaching purposes. These spheres are made from 
Bextrene-X polystyrene beads, to which is added a propelling 
agent that inflates the material when it is heated. Dow 
polystyrene, at present available only in the U.S.A.,3 produces 
a lighter sphere with a rougher surface. Though aesthetically 
pleasing and easy to cut, the lighter spheres have less 
mechanical strength and are not suitable for some of the 
techniques described in this article. In addition they soften 
excessively on glueing and thus sometimes lose shape. 

The purpose of this article is to introduce teachers to the 
theory and practice of the use of polystyrene spheres for 
modelling. The structures described are not highly accurate 
scale models, but they will help considerably to give students 
an introduction to shape in depth and states of aggregation. 

In general the following broad classification of chemical 
structures holds : 


1. Ionic crystals—assemblages of positive and negative 
ions (typified by sodium chloride). 


Molecular crystals—discrete covalent units, low freezing 
and boiling points (exemplified by sulphur). 


19 


3. Macromolecular structures—e.g. ice, diamond. 


4. Layer structures—e.g. graphite. 


5. Close-packed spheres—as in metals. 


UNI-UNIVALENT IONIC STRUCTURES 


Inter-nuclear distances have been caleulated, mainly from 
X-ray measurements on crystalline solids. Similarly, data 
jonic radii are readily available. These measurements are 


for 
Some useful values are given below. 


precise. 


TABLE I 


TONIC RADII (A) 
——— — 


Cations Anions 
Nat 095 Cl- 1:81 
K+ 1.33 Br- 1-95 
Cs* 1-69 a 2-16 


— ay 
Nylon 66. Colours: Black, White, Grey, Blue 
7 


305 


These ions are assumed to be spherically 
symmetrical. Since the largest sphere 
available in economie quantity is of 2 in. 
diameter, an economic scale would be 
i in. =1 À. To choose a larger scale 
would make chloride ions rather expensive, 
and as they are frequently used in modelling 
their cost determines the scale to be used. 

In constructing ionic models it is more 
important to get the radius ratio (0-95/1-81 
for sodium chloride) nearly correct than to 
match exactly the ionic radius of each ion 
on the scale Lin. = 1A. For this reason a 
l-in. sphere will be suitable for Na+ and a 
2-in. sphere for Cl-, i.e. ratio about 1 : 2. 

To assemble a model of the sodium chloride 
crystal it will be found satisfactory to 
join l-in. and 2.in. spheres alternately in 
rows after colouring and glueing at the 
approximate points of contact (Kig. 1). 


O Row | 


Row 2 


Row 3 


Scale: Que 2. 9 4 
Fig. 1 


While the glue is still tacky it is possible 
to press the rows together into the sodium 
chloride structure. There is sufficient: ‘give’ 
in the spheres and tacky glue to adjust 
minor imperfections in positioning in the 
original rows when the Structure js being 
finally assembled and pressed into shape 

The so-called body-centred structure of 
cacsium chloride can be modelled. from 
a 13-in. sphere for Cs* and a 2-in. sphere for 
CI l Again assembly by eve is satisfactory 
packing eight chloride ions round a céñtrol 
caesium ion with the aid of glue after tolum 
ing. It will be found that 5 
50 ions have been packed 
fections are smoothed out, 


after some 
minor imper- 
as the structure 
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is pressed into shape while the glue is still 
tacky. 

It has not been found necessary to drill or 
punch the spheres to assemble these simple 
6-to-l or 8-to-1 structures. However a tem- 
plate for this purpose is described later if 
mechanical assistance is required. Dow 
polystyrene spheres were found to be particu- 
larly good for these models because their low 
mechanical strength aids alignment by press- 
ing, but perfectly good results are obtained 
with the harder Elford spheres. 


MOLECULAR CRYSTALS 

In molecular crystals the atoms are 
linked by covalent bonds into molecules 
but only weak van der Waals attractions or 
hydrogen bonds hold the molecules together 
in the crystal. In solid iodine, for example, 
two different internuclear distances are noted 
(Fig. 2), one corresponding to the covalently 


Scale: 0 l 2 3 
Gotti A £ 
2 


Fig. 


4 
| 


linked iodine atoms giving the so-called 


Ci re 1 4 

fe radius (re), and one corresponding 
O the distance between unbonded atoms. 
the van der Waals radius (r,) | 


For space-filling models, choose a sphere 
of suitable diameter to represent the van der 
Waals radius, ry, and cut off a portion 
corresponding to the approximate covalent 
radius, re. In this way states of aggregation 
may be represented by packing molecules in 
close contact in accordance with known 
crystallographic data. 

Tables of approximate van der Waals and 
covalent radii are given below for those 
units most frequently needed in schools. 
The covalent radii are taken for single 
bends, but slight shortening occurs for 
multiple bonds. It is debatable if this 
shortening can be illustrated accurately 
with these models. If in any one model 
this feature requires emphasis it is suggested 
that the shortening be exaggerated. 


TABLE II 
ns 
Approx. | Approx. Diameter 
van der | covalent | of nearest 
Atom Waals radius (A) suitable 
radius (A) sphere (in.) 
17 0-77 1} 
S 1-5 0-7 14 
o 1-4 0-6 14 
S 1-85 1-0 i 
B 19 1-1 2 
Si 2-0 1-2 2 
cl 1:8 1-0 E 
Br 1-9 1-1 4 
I 2-1 r3 2 
H 1-0 0-3 1 


are organic in 
and 
the price of carbon atoms 
or. The above 
ly used scale of 


Many molecular crystals 3 
nature, and in choosing & suitable 
economie scale 
becomes a governing fact 
values fit well the previous 


lin. = 1 À. 


Model 2. -Protein «-Helix (after Pauling) 
hite, Grey, Blue, Red 


Colours: Black, W 
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If close representation to actual size is 
required spheres can be reduced in size 
by some 10-20 per cent, depending upon 
their density, by rolling under pressure, 
e.g. under a sheet of thick glass. However, 
this process is tedious and need only be 
used if it becomes essential for one or two 
simple molecules to be modelled extremely 
accurately. 

To fabricate organic structures it is 
essential to be able to cut tetrahedral 
carbon atoms from 1 }-in. spheres in quantity. 
For this purpose some form of mechanical 
aid is essential, and working drawings are 
shown (Fig. 3) for a jig which has proved very 
successful. 


JIG FOR CUTTING TETRAHEDRA 


The jig, made in hardwood by a member 
of our staff, is designed to present spheres 
at the correct angle for cutting off the 
faces of a regular tetrahedron with an 
adjustable depth of cut. The depth of cut is 
controlled by the thickness of packing (P) 
—thin plywood or cardboard is suitable. 
The depth of cut should normally represent 
about 0-8 A (average value of r;—re, Table II) 
for a single bond. On the present scale 
this is about $ in. and for this reason the 
cutting guide of the jig is about $ in. from 
the inner face of the end of the jig. With 
smaller spheres a $-in. cut, if the central 
atom is multi-bonded, removes so much of 
the sphere that its ‘teaching value’ is 
destroyed by being virtually hidden. It 
is therefore preferable to sacrifice accuracy, 
making a somewhat shallower cut (after 
adjusting the packing) so that the central 
atom is still just visible. In such a case it is 
advisable to make and present both models 
with appropriate comment. 

To use the jig a sphere is passed down the 
sloping guide and pressed against the packing, 
and the first face is cut with a tenon saw. 
It is then turned so that the cut face is 
flat against one side of the V groove of the 
sloping guide, passed down the guide to the 
packing and the second face cut. The 
third and fourth faces are cut with the two 
previously cut faces in contact with the 
sides of the V groove. 

Simpler mechanical aids can be devised for 
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À 
END ELEVATION 


0 | 2 3 4 5 6 7 
Scale: Gana pp 1  j$ — / 


Fig. 3 


cutting planar atoms, of bond-angle 120°, but 
satisfactory results are obtained by cutting 
by eye over an equilateral triangle drawn 
on paper. This method is recommended for 
uncommon bond-angles, 

It has been found possible to use this 
1094° (tetrahedral angle) jig for structures 
in which the angle is not quite 1091°, because 
Spheres soften somewhat, under the influence 
of glue and on pressing into shape tend to 
adjust to the more correct bond angle. 


Any angle of 109+ 5° can be so accommo- 
dated. 


PUNCHING SPHERES FOR 
BALL-AND-STICK MODELS 


If it is desired to construct ‘ball-and-stick? 
models, mechanical assistance is needed to 
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Saw Packing P. 
guide as required 


Model 3. Nac (Sodium Chloride) 
Colours: Red (Small Spheres), 
Green (Large Spheres) 


punch or drill spheres for 4-1, 6-1 and 8-1 
structures. A template described by Mr 
H. Bassow! of Fieldston School. New York, 
has proved invaluable for this purpose 
and can be used as an aid if needed in 
modelling CsCl and NaCl. 

To make the template two pieces of 
packing-case cardboard (corrugated sand- 
wich type) are marked out as shown in 
Fig. 4. The radial lines are very heavily 


A. ec G i 


Fig. 4 


grooved, and the central circle, corresponding 
ere to be punched, 


to a tight fit of the sph 

is cut out. Separate templates are needed 
for each size of sphere. The two pieces 
are glued together, sO that the grooved 
radial lines (and central cut-outs) correspond 
ana form guide lines for punches. The 
punches are best made by pointing 
suitable lengths of Ain. welding rod on à 


grindstone. 


Model 4. P,0, and Pii 


Colours: Light Yellow (Large Spheres), 


Blue (Small Spheres) 
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For tetrahedral holes a sphere is located 
centrally in the template, punched along 
AX and BX, rotated through 90° about 
GH and punched along CX and DX. 

For 8-1 structures the sphere is placed 
centrally and punched along AX, BX, CX 
and DX; it is then rotated through 90° 
about GH and the procedure repeated. 

For 6-1 structures the sphere is punched 
along EX, FX, GX and HX, rotated about 
GH through 90°, and repunched along 
EX and FX. 

Cocktail sticks inserted into the punch 
holes can be used successfully for these 
ball-and-stick models. 


Model 5. Ice I 
Colours: Blue (Large Spheres), White 


MACROMOLECULAR STRUCTURES 


It has not been found possible to get a good 
model by assembling by eye. For diamond 
(Model 6) it is necessary for the spheres to be 
punched or cut tetrahedrally to obtain an 
accurate start. To model ice I, spheres 
representing oxygen atoms are punched tetra- 
hedrally (Model 5); two of the punched 
positions are then cut and glued to hydrogen 
to make water molecules; and the other two 
punch-marks are linked by cocktail sticks to 
hydrogen of neighbouring water molecules to 
simulate hydrogen bonds. About Yin. of the 
cocktail stick is visible, the rest is embedded 
with glue in the spheres. This is the method 
adopted by the author to represent hydrogen 
bonds in general. 
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Model 6. Diamond 
Colour: Black 


CLOSE PACKING OF SPHERES 


Cubic and hexagonal close packing can be 
demonstrated by glueing layers of spheres 
together as shown in Fig. 5. It is found that 


Scale: 0 l 2 3 4 
Utua Er CE 
Fig. 5 


two alternative positions are possible for a 
third layer placed above the two below— 
either 
(a) directly over first-layer spheres 
gonal close packing) 
or (b) over spaces between first-layer spheres 
(cubie close packing). 


(hexa- 


LAYER STRUCTURES 
A graphite model is made from 13-in, 
spheres cut for 120° bond-angles, It should 
be noted that two alternative ways of placing 
a third layer over two lower layers are possible, 
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demonstrating the existence of ø- and 
B-graphite. It is necessary to use at least 
24 carbon atoms per layer to obtain a model 
of sufficient size to make this clear. 

Molybdenum disulphide, the automobile 
lubricant additive, has a layer structure, 
which can be modelled from data provided 
by Wells.5 


GEOMETRICAL ISOMERS 


Spheres, instead of being glued, can be 
bored with a hot metal rod. Holes are made 
centrally and perpendicularly through bond- 
ing faces towards the céntre, and the spheres 
are then threaded on elastic under slight 
tension. (Dow polystyrene spheres will not 
stand up to this treatment.) If cyclohexane 
is modelled by this method the ‘boat’ and 
'chair' forms are easily interconverted to 
supplement the permanent models of each 
form. 


COMPLEX STRUCTURES 

By assembling spheres on elastic after cut- 
ting to the correct bond angles, the suggested 
a-helix of proteins (Model 2) can be success- 
fully modelled. About 36 skeletal carbon 
and nitrogen atoms are assembled in correct 
order on elastic. On tightening the elastie, 
and with slight shaking, the skeletal atoms 
tend to coil in a helix, Slight adjustment 
is required so that the hydrogen-bonded 


groups move into the correct relative 
positions. 


H’s and re 


e S more regular and 
comparatively ‘straight.’ 


more slowly, 


COLOURING THE SPHERES 
Water-base 


d paints (emulsi i 
bust inni ( on paints) have 


to be highly Satisfactory for 


colouring spheres, and a complete range of 
colours is available commercially. In the 
interests of economy attempts have been 
made to colour spheres by dyeing, following 
instructions and using materials kindly 
provided by the Dyestuffs Division of 
I.C.I. Ltd, but with disappointing results 
from a range of dyes in aqueous suspension. 
Solvent penetration of the spheres appears 
negligible and the dyes were not retained 
on the smooth surface. Better results were 
obtained with American Dow polystyrene 
spheres, the rough surface of these permitting 
penetration of the dyestuff. 

The scheme of colours recommended by 
the author has been adopted in order that the 
student can readily identify the various 
atoms in a structure. It is, of course, 
made clear that we cannot say that atoms 
themselves are coloured but the colour used 
is the familiar colour or property of that 
element in some familiar or known state of 
aggregation. 

Various colour s 
guidance. 


chemes are listed below for 


TABLE III 


COLOUR SCHEMES FOR MOLECULAR MODELS 


Atom Author Courtaulds |CHEM Study 

H white cream white 

C black black black 

0 blue red red 

N ‘| grey blue Bie 

cl reen green - 

Metal isa or orange} silver-grey aluminium 
paint 

F light green | light green | light green 

Br ELDON blue-green brown 

I violet dark green | violet 

P yellow-white| purple maroon 

8 yellow-green yellow yellow 


| 


SUGGESTED STRUCTURES FOR MODELLING 


1. Ionic: NaCl and CsCl. | 
2. Layer: MoS, (see Wells), graphite, 


^ Cal. 
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3. _ Macromolecular: ZnS; diamond; ice I; 
linked SiO, tetrahedra (silicates). 


4. Fibrous: nylon 66; protein chain and 
a-helix; atactic and isotactic poly- 
isopropylene. 


5. Molecular structures: cyclohexane (boat— 
chair); maleic-fumarie acid; hexa- 
methylene tetramine; azobenzene (cis- 
trans) ; o-nitrophenol. 

Simpler organic molecules to demons- 
trate isomerism, asymmetry etc. 
(here the field is wide). 


6. Simple inorganic structures: PCl;; phos- 
phorus oxyacids; P,, P,O, and P,0, 
(Model 4); S,, and zig-zag S puckered 
chains; simple anions (CO,?-, NO,-, 
80,77, SO,?-, POS- etc.) ; and hydrated 
cations, e.g. Al(H,O),3+; H,O, and O,; 
halogen molecules to illustrate relative 
sizes; chlorine oxyacids; chlorides of 
second-period elements and/or third- 
period elements. 
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Section 10  Programmed learning 
in chemistry 


The editor hopes to include a much larger section 


This paper by F.D. Gunstone and R.B. Moyes sets he Pl de " 
out the principles involved in preparing programmes on this Important topic in the next edition of New 
and illustrates them with a programme for a topic in Trends" and he would be grateful if material for 
| organic chemistry, There is a very useful biblio- possible inclusion could be sent to the Division of 
! Science Teaching at Unesco. 


graphy, 


Reprinted from Education in Chemistry, Vol. 1, No. 4, 1964, pp. 189-196. 


PROGRAMMED LEARNING IN CHEMISTRY 


I—FIRST PRINCIPLES 


By F. D. GUNSTONE, D.SC., F.R.LC. and R. B. MOYES, B.SC., A.R.I.C.* 


Department of Chemistry, St Salvator's College, The University, St Andrews 


During recent years interest in programmed 
learning has spread through the whole of the 
educational system and in this part of the 
article we explain and illustrate the principles 
involved. The technique has been used inde- 
pendently in all the university chemistry 
departments in Scotland. Part II gives an 
account of its experimental trial in Queen's 
College, Dundee. | 

Programmed learning is considered to be 
a more effective way of learning than the 
conventional procedures used by students in 
lecture rooms, libraries and studies. Because 
very little material has yet been published 
in the required form, interested teachers fre- 
quently prepare their own programmes, but 
to do this they need to understand the 
underlying principles. Two main types of 
programmes will be discussed: the so-called 
“linear. or Skinnerian programmes, and 


"branched? programmes. 


INNERIAN PROGRAMMES 


based on three 
ed by Professor 


LINEAR OR SK 
Linear programmes are 
main principles first elaborat 


B. F. Skinner: 
(i) information to be imparted is broken 
down into a large number of small 
logical steps which are presented k 
the learner in sequence; each unit o: 
presentations is called a frame; 
the student makes an overt response 
to the material presented ; 
correct responses are rewarded (rein- 
forced) immediately: the satisfaction 
of getting the correct answer is con- 
sidered to be à sufficient reward for 


a student. 


(ii) 


(iii) 


art of the linear pro- 
s should make the 
question(s) presented 
ramme writers usually 


It is an essential p. 
gramme that student; 
correct response to the 
in each frame, and prog 
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aim at an error rate not exceeding 5 per cent. 
If the error rate rises very much above this 
value at any point then the programme is at 
fault, and the writer should revise his material 
until the error rate is reduced to normal. 
Despite this, a case can be made for stiff 
linear programmes with slightly higher error 
rates for the highly motivated and highly 
selected groups of students to be found in 
centres of higher education. 

A low error rate is achieved by careful 
attention to the following points: 


(i) new material is presented in logical 
fashion; 


each frame is carefully constructed so 
that there is no ambiguity in either 
the explanatory material or the 
question ; 


(ii) 


the step-size must be kept small, i.e. 
new ideas are introduced only at an 
appropriate rate and are linked, when- 
ever possible, with previous know- 
ledge; 

a check is made that each item of new 
information is fully understood before 
proceeding to the next; 


(iii) 


the programme is continually revised 
in the light of students' responses; 


cues or prompts are incorporated into 
the questions to assist the student. 
As the programme develops, however, 
these are gradually removed (faded) 
until the student is making the correct 
response without their assistance. 


High error rates most often arise because 
the step-size is too large, or there is am- 
biguity in a frame, or the programme writer 
has assumed too much previous knowledge 
on the part of the student. As it is difficult 


* Present address: Department of Chemistry, 
The University, Hull, 
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to discover that a programme is too easy, it 
is useful to have a first draft that gives a 
high error rate and to reduce it in subsequent 
revisions. 

Although linear programmes. can be pre- 
sented on a simple machine, this is not 
necessary, and they are used mostly in book 
form or on sheets of paper. It is important 
that the student, having made his response 
to a question, should know immediately 


answer. The student constructs his response 
and selects one of the answers. If he chooses 
correctly, the reasons for the correct answer 
will be explained—in case the right answer 
was obtained for the wrong reasons—and he 
then continues with the main programme. 
If the student selects a wrong answer the 
error is explained, and he is returned to the 
main programme by a direct or indirect route. 
A possible scheme is illustrated in Fig. 1. 


Fig. 1 
whether he is right or Wrong, and this. can 
be achieved by placing the answers im- 


mediately below each frame, which is covered 
until the response has been made. Once the 
student realizes that he is not being tested 
for examination purposes, cheating is not a 
serious problem. It is rather more important 
to be sure that there is no cheating when a 
programme is being tested. 

Most of the chemistry programmes avail- 
able, whether published or privately circu- 
lated, àre of the linear type. When writing 
a programme for the first time most teachers 
have found it helpful to begin with a small, 
coherent and not too complex topic. The 
final arbiters of the value of a progra 


mme 
are the students for whom it is writte 


n. 


BRANCHED PROGRAMMES 
Branched Programmes are less common 
than the linear but are claimed by some to 
be more effective. Material is again presented 
in logical fashion in frames whi 


ch normally 
contain a question and m 


ultiple-choice 
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In frame A the reader ch 
possible answers. The correct answer leads 
to frame D; incorrect answers lead to frames 
B, C and E, where the error is explained, 
and the student then returns to frame A to 
try the question again. Frame D contains 


a question with three possible answers, The 
correct answer leads to fr 


ooses one of four 


The answer serves a different purpose in 
the two types of programme. In a linear 
programme it is primarily for reinforcement ; 
in a branching programme it controls the 
route through the programme. In a branch- 
ing programme there is greater emphasis on 
correction, and error rates of up to 15 per 
cent are permitted. The step-size can there- 
fore be larger and this makes the programme 
less tedious, particularly for the brighter 
student. The main disadvantage of branched 
programmes is that they are less convenient 
in book form and are best presented on 
expensive teaching- machines. 


ADVANTAGES OF PROGRAMMED LEARNING 


Several benefits have been claimed for this 
technique by those who have devised pro- 
grammes and used them with groups of 
students. 

(i) Programme writing helps the teacher 
to clarify his own ideas. Whilst this 
is true of any teaching operation 
faithfully done, it is particularly true 
of programme writing with its insistent 
demand for logical development and 
clear presentation. 

(ii) By examination of students’ answers 
to a programme the writer quickly 
discovers those parts of the pro- 
gramme which are inadequate and 
what areas of the subject present 
students with greatest difficulty, and 
he has to find ways of cireumventing 
these. 

(iii) A student works through a programme 
at his own rate. It is found that slow 
students may take twice as long as 
their faster rase get a 

me. A well-written pro- 
Lenk can be used without outside 
help and so the student can choose 
his own times of working. 

(iv) The mode of simple logical presenta- 
tion and of question and answer with 
low error rate is of particular value 
for below-average students who, per- 
haps for the first time, get a clear 
understanding of the subject material 
and gain confidence from repeatedly 
getting the right answers. Such 
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students then derive greater benefit 
from their normal diet of lectures and 
tutorials and from textbooks. 


(v) Though programmes take time to 
prepare they save time thereafter, 
since one demonstrator or supervisor 
can help a larger number of students 
without any loss of efficiency. Alter- 
natively, students can work through 
a programme without supervision. 


Programmes written so far are crude 
attempts to develop this technique. There 
is much to be learned about the best way 
to write, to present and to use linear pro- 
grammes, and the possibilities of branching 
programmes in this field of study are almost 
completely unexplored. But enough is 
known, in the opinion of some, to consider 
programme-learning as a useful and efficient 
procedure which merits further investigation 
and wider use in sixth forms, technical col- 
leges and universities. 

In the bibliography there is a selected list 
of programmes which have been prepared in 
various chemistry departments and circu- 
lated privately. These programmes have 
been well received by students who have 
frequently asked for further programmes on 
other topics, and although there has been no 
adequate test of the effectiveness of the 
programmes used, subjective expressions, 
based partly on the marking of degree 
examination scripts, are favourable. Re- 
actions from teaching colleagues are more 
varied: some approve, but not always with 
enthusiasm; others think the technique 
unnecessary and harmful. 


SPECIMEN EXCERPT 


An excerpt from a programme on ‘Ethyl 
Acetoacetate and Related f-Keto Esters,’ 
designed for second-year students,* is’ given 
below. This section of the programme is 
followed by others on the Claisen ester 
condensation, the hydrolysis of B-keto esters, 
ethyl acetoacetate as a ketone, ethyl aceto- 
acetate as an enol, reactions of the activated 
CH, group, and a summary. Students take 


* [t must be remembered that Honours Courses 
in Chemistry in Scottish Universities are four years 
in length. NER 
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2-4 hr to complete the programme. It is to each frame, given between the broken and 

regretted that most of frame 3 has had to the full line, are covered until the frame has 

be omitted in the interests of brevity. been read and the answer written down on 
When using such a programme the answers a separate sheet of paper. 


PART I. THE PREPARATION OF ETHYL ACETOACETATE 


The compound of structure CH,-CO-CH,:CO,Et has the systematic name ethyl 3-oxo- 
butanoate but has long been known as ethyl acetoacetate or as acetoacetic ester. It 
is important in the study of organic chemistry for the following reasons: 


(i) It is prepared by an important condensation reaction of wide application. 
(ii) It furnishes a simple example of the phenomenon called tautomerism. 
(iii) It is an important intermediate in the synthesis of many other compounds. 
Ethyl acetoacetate is a B-keto ester. Examine the formula given below and notice which 
carbon atoms are labelled « and B and y. 
3 B 
CH,-CO-CH,-CO,Et 
Write the structural formulae of the «-, B- and y- oxo esters based on ethyl butanoate. 


CH,CH,-CO-CO,Et (x), CH,-CO-CH;-CO,Et (8), OHC-CH,-CH,-CO,Et (y) 


Indicate whether the following structures represent «-, B- or y- oxo esters. 


CH,-CO-CH,-CO,Me (a) Et-CO-CHMe-CO,Et (b) 
Pr-CO-[CH,],-CO,Et (c) Ph-CO-CO,Pr (d) 
Ph-CO-CH,.CO,Me (e) Ph-CO-CH,CH,CO,Me (f) 


(a) B, (b) B, (c) y, (d) a, (e) B, (f) y. 
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Ethyl acetoacetate is prepared by treating ethyl i i 
y! acetate, which 
traces of ethanol, with sodium. The overall reaction is: Mon iaa — 
Na 
CH; CO,Et + CHyCO,Et —> CH,-CO-CH,-CO,Et 
[The remainder of this longer-than-usual frame i i 
a f s an expl i 

this reaction and is not reproduced here. Many usum bone uium af 


5 t . 
material. The frame ends in the following "(d ins bd dun. 


Putting these steps together we get the foliowing (note that all steps are reversible) : 


x O- 
. A EE a CHyCO,Et 
CH,-CO,Et == CH,-CO,Et N 


& 


| 
CH,-C-CH,-CO,Et 
OEt 


" Y K Oki re 
CH,CO-CH,-CO, Et = CH,-CO-CH-CO, Rt 


193 


Continue with frame 4 


sand the metal 


4. To prepare ethyl acetoacetate, the ester ... 
are required. 
ethyl acetate ." sodium 
5. Another necessary reactant, present in the ester in sufficient quantity to start the reaction, 
and produced as the reaction proceeds, is ne 
E 
ethanol 
6. Complete the simplified equation for the overall reaction: 
Na 
CH,:CO;Et + CH4:CO,Et —> BUORL ss 
CH,CO-CH,'CO;Et 
7. The catalyst in this reaction is the basic ion. 
ethoxide (OEt) 
8. It is produced by the action BE osx on. Initially present in the 
ester. 
sodium ethanol 
9. Indicate the mechanism of this reaction by formulating each stage (take care to distinguish 
` d non-reversible steps): 


e an 


f catalyst by reaction of sodium and ethanol. 


between reversibl 
(i) Production 0 
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2Na + 2EtOH —— 2Na* + 20Et + H, 


10 (ii) Formation of an anion (carbanion) by interaction of ethyl acetate with the basic 
. n t t th t 
catalvst. 


OEt + CH,-CO,Et = EtOH + CH,-CO,Et 


11. (iii) Reaction of this carbanion with a 


molecule of ethyl acetate (this step involves 
addition of the carbanion to the ele 


ctron-deficient carbon in the ester) 


o 07 
E oz | 

CH C + CHyCO,Et = CHyC:CH,-CO,Et 
j r 


i 
OEt OEt 


12. (iv) Elimination of ethoxide 


ion to give ethyl acetoacetate which then 
and remains as its anion unti 


loses a proton 
l acidified at the end of the reaction. 


CH4C CH ,CO,Et = CH,-CO-CH,-CO,Et = CH4'CO-CH-CO,Et 
| : 
OEt + OEt + EtOH 


13. Bearing in mind the meaning of words such as bibliophile 


and anglophile join the circled 
words to the appropriate boxed words. 


electron-deficient 


centres 


electrophilie 
reagents react 
at 


nucleophilic 


reagents react 
at 


electron-rich 
centres 


electrophilic reagents react at electron-rich centres 
nucleophilic reagents react at electron-deficient centres 
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14. Complete the following reaction sequence by supplying the missing formula: 


OEt CH;-CO.Et 
CH,:CO,Et == …… = 


(anion) 


(intermediate) 


a 

= | - 

CH,CO,Et — CH, C CH,CO;Et CH,CO-CH,CO,Et  CH,-CO-CH-CO,Et 
| 


OEt 


and ethyl acetoacetate can form ions by giving up protons to a basic 
ns are resonance hybrids. Formulate canonical structures for the 


d ethyl acetoacetate (three). 


15. Both ethyl acetate 
reagent. The anio 
anions from ethyl acetate (two) an 


0-C-6H-C-0 «——7* 


lu, OEt 


16. Ethyl acetoacetate (structure — nr ) is prepared by self- 
condensation of oss soos, under the influence of sodium. 


ethyl acetate 


—Ü , produced in this reaction 
The catalyst converts the ester into its 


es the basic catalyst . 


l7. Condensation requir 


from... and. wns con 
ethoxide ion (OEt), sodium (ethanol), ethanol (sodium), 
anion (or carbanion), CH, CO,Et 


w 
N 
pä 
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i i . . hybrid. The anion reacts 
i AONE 16:8 eeu 1 1 i 
ce i Pee ind molecule of ar isis to form a reaction intermediate of 
with a secon —— 
structure 


nucleophilie, resonance, ethyl acetate, SR a 
OEt 


19. This splits out OEt to give... " which 


passes immediately to 
the anion of structure |... 


— - in the presence of the base 


ethyl acetoacetate, CH,'CO-CH-CO,Et, OEt 
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Section 11 


INTRODUCTION 


t section contains reports on chemistry curriculum 
fhar Lan eda in different countries. It is hoped 
t they may yield fruitful ideas for others about 
9 embark on the reform of chemistry teaching. 
Jhe CBA and CHEM Study projects have not only 
Did influence on chemistry teaching in the 
manv, States, but have also catalyzed reform in 
Ca Y other countries, Both L. E. Strong and J. A. 
ge UNIT hava recently published accounts of these 
( reg in Modern Chemistry ana the Sixth Form 
edited by D, J, Millen), London, Collins, 1965. 
| Sritique of them from the British point of view is 
nie In this section, and accounts of their use in 
hes et as widely different as Italy and Japan are 
roj included. An outline of the Nuffield Chemistry 
Mead of the United Kingdom, which has so far 
Tie ed materials for a five-year course for the 
9n age group, and which is at present embarking 
a further course for the 16-18 age group, is given 
st € work of OECD, starting with its seminar on the 
we and development of the teaching of chemistry, 
ewe ot Greystones (Ireland) in 1960, and wine b 
pi Publications on curriculum reform in a d e 
in naa has inspired chemistry curriculum re ai 
Shah ae countries, A selection of brief reports o 
Projects is given. A writing session, held at 
eme (Italy) in 1962 produced the OECD guide 
onl Sachers, Chemistry To-day. These reports cover 
ta Y a small fraction of the countries where pum 
re Ing place, but they have been chosen se as to be 
Presentative of as many different approaches as 
Possible, A feature of most of these projects is the 
Production of detailed guides for teachers and the 
Provision of refresher courses. These are particul- 


Source-book section 
Curriculum reform 
and work in progress 


arly noteworthy features of the revised science 
curricula in Ceylon and in New South Wales 
(Australia). 

In some countries such as Switzerland and the 
West African countries of Ghana and Nigeria, reform 
has been initiated by voluntary agencies—in par- 
ticular, the felt needs of the teachers themselves. 

In others, such as Scotland, it has come from the 
direct action of the Ministry of Education; in Japan 
university chemists have given the lead. Funds for 
curriculum reform have come from governmental and 
non-governmental sources, and from intergovern- 
mental sources such as the Council of Europe and 
OECD. 

Many aspects of chemistry curriculum reform 
remain relatively unexplored. Two major areas recom- 
mended by the OECD Working Session on the 
Teaching of Chemistry, held in London in 1963, for 
future action in planning international meetings were 
"The Teaching of Organic Chemistry in Schools" and 
"The Relationship between Physics and Chemistry 
in School Science". An account of recent develop- 
ments in the latter area has been included. The 
adverse effects of many examination procedures on 
chemistry teaching is widely recognized as a problem 
in need of solution and exploratory work in the field 
is taking place in several countries, notably the 
United Kingdom and the United States. |t is hoped 
that in successive issues of this yearbook, reports 
of work in these and other areas of chemistry curri- 
culum reform will be included and that countries will 
send in to Unesco for inclusion reports of their own 
activities in curriculum reform. 


Reprinted from Science, Vol. 148, 1965, pp. 1312-1314. 


On Teaching High School Chemistry 


l have thoroughly enjoyed studying 
these two enterprises in the teaching 
of chemistry at school level, and in 
my opinion teachers of chemistry at 
all levels could read these books with 
profit. The projects were conceived 
and carried through almost simultane- 
ously in response to a widespread de- 
mand in the United States for changes 
in high school chemistry courses. and 
they had the same aim of introducing 
chemistry as a live. developing science. 
On cursory examination the routes 
chosen by the authors to achieve 
this aim are very different, but a closer 
look will show that very similar teach- 
ing methods have been chosen. Thus. 
both projects develop systematically 
the relations. between experiment and 
theory. or conceptual model. and em- 
phasize the principles underlying chem- 
ical structure, combination. and en- 
ergy. They both insist that ideas should 
be introduced in a tentative fashion, 
rather than dogmatically. be examined 
in the light of experimental evidence, 
and then be accepted. modified, or dis- 
carded. Throughout each book the 
various principles are interwoven and 
developed as threads. so that they be- 
come familiar hy application and use. 


and understood rather than learned. 
Each book should therefore be re- 
and not 


garded as a systematic course, c 
as an elementary reference hook: in 
this respect, one must be cautious in 
sampling either book at random. An- 
other common feature is the insistence 
on the value of speculative questions 
and discussion as a means of promot- 
ing and sustaining curiosity. Thus, In 
the preface to Chemical Systems (Mc- 
Graw-Hill, New York, 1964. 772 pp. 
$6.96), the Chemical Bond Approach 
project (CBA), it is said that "Through- 
out the book many questions are 
raised. Some are raised and discussed 
in the text itself, while others are raised 
for the student to discuss. A few ques- 
lions are raised to point out aspects 
of chemistry for which chemists do 
not yet have satisfactory understand- 
ing. Chemistry continues to be à de- 
velopment which is incomplete and in 
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which many people participate." Simi- 
larly, in the text of the Teacher’ 
Guide to Chemistry: An Experimental 
Science (Freeman, San Francisco, 
1963. 480 pp. $5.80) the CHEM 
Study project (CS) it is said that 
"These questions. (Questions To Won- 
der About) are to stimulate thinking 
but are not to be ned as written 
work. They vary in scope and diffi- 
culty, and some have no specific an- 
swers. Discussion of some of these 
questions will be included soon; of 
others, later in the Textbook." 

Now it is likely that none of these 
pedagogic methods is new, but they 
are rarely found in extenso, and they 
are woven so skillfully into the texts 
that the main impression, after read- 
ing these books, is of something new 
and refreshing. The value of the ma- 
terial is enhanced by the excellent pro- 
duction and layout of the books, with 
diagrams and tables that compel exam- 
ination and highlight the essential in- 
formation. with extraordinary clarity. 
Teaching chemistry is revealed and 
sustained as a fascinating exploration, 
jointly conducted by teacher and pupil, 
and compounded of personal investi- 
eation and critical study of the work 
and ideas of lively minded scientists, 
rather than the offering of a corpus 
of unchangeable facts and rigid inter- 
ions for assimilation hy passive 


pretat 
students. 

In the past 
of chemistry used 
America have been built 
experience of one or two teachers, 
albeit modified by wider discussion 
and criticism. The authors, with an 
eye to the economic barometer, have 
been constrained by conventional cur- 
ricula and, in England, by the syl- 
labuses of the examining boards. Far 
too often the result has been a careful 
and ponderous approach along the 
well-worn paths of the 19th century. 
Changes have been made by rearrang- 
ing subject matter, or by cautious 
omission of some backwater and in- 
troducing hints of contemporary eX- 
periment and thinking. This is par- 


most school textbooks 
in Europe and 
around the 


ticularly true with respect to general 
and physical chemistry, where teach- 
ing has concentrated for too long on 
the tortuous emergence ot the logic 
of the chemical evidence for the 
atomic theory, and on the work on 
and dilute solutions which 
brought fame to the great European 
schools of chemistry during the late 
19th century. Those who find difficulty 
in emerging from that chrysalis of 
modern chemistry may be shocked on 
reading CBA and CS by some of the 
omissions that stem from the directive, 
“Naturally, this reconstruction of the 
entire course gives a unique opportu- 
nity to delete obsolete terminology and 
out-moded material.” They will find, 
for example, no use of equivalent 
weights. only the very briefest men- 
tions of valence (and that, in CS, to 
dismiss it as too confusing a noun to 
be useful!) and of colligative prop- 
erties, und the complete absence of 
the law of mass action in either 
equilibrium or rate studies. Never- 
theless, | assure such readers that in 
CBA and CS there is no lack of dis- 
cussion of the chemical evidence for 
the atomic theory, for the mole con- 
cept, and for the structure of mole- 
cules; moreover, very clear pictures 
emerge of the factors that control 
chemical reaction and the transfer of 
matter between phases, and of the fac- 
tors that lead to the establishment of 
chemical and phase equilibria. Some 
of the old, familiar (and, frankly, 
slightly rusty) hatpegs are missing, 
but the reasons why we have hats and 
wish to leave them in particular places 
are made abundantly clear. 

The necessity of new approaches to 
the teaching of science in the United 
States was formally recognized some 
8 years ago, when the National Sci- 
ence Foundation provided funds for 
the study and development of new 
courses for high schools by groups of 
university and high school teachers. 
Of the two chemistry projects chosen 
for support, the Chemical Bond Ap- 
proach is slightly older. counting its 
origin from a summer school at Reed 
College (Portland, Oregon) in 1957. 
Its first texts were used in schools in 
1959, and two successive revisions re- 
ceived wider trials in 1960 and 1961 
before the final revision for the hard- 
back editions of Chemical Systems and 
Investigating Chemical Systems: these 
appeared in 1963. The experience 
gained in the trials produced not only 
revisions of the texts but two large 


gases 
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Teachers’ Guides. The guide to the 
textbook emphasizes the major ideas 
in the course and how they are re- 
lated, develops teaching suggestions, ex- 
plains suitable demonstrations, and dis- 
cusses the exercises that appear in the 
textbook. The guide to the laboratory 
manual is very comprehensive; it not 
only advises on problems encountered 
in the conduct of the experiments at 
schools during the trial periods, and 
provides sample student data from 
these experiments, but discusses the 
philosophy of each experiment, the es- 
sential points that should be made in 
prelaboratory and posilaborators dis- 
cussions. and much supplementary in- 
formation. 

The Chemical Education Materials 
Study emerged from the work of a 
committee of the American Chemical 
Society, and was established as the 
CHEM Study project late in 1959, Its 
development followed similar lines to 
the CBA project, the first drafts being 
used in.schools in 1960 and revised 
drafts in 1961. The final revision led 
in 1963 to the publication of the text- 
book Chemistry: An Experimental Sci- 
enge and the Laboratory Manual. 
There is a one-volume Teachers’ Guide 
to the textbook and laboratory manual. 
In this guide the discussion of the 
laboratory experiments and the stu- 
dent exercises is slightly less thor- 
ough than in the corresponding por- 
tions of the CBA guides: but. on the 
other hand, the background discus- 
sions in CS appear to be somewhat 
deeper, and I found them more di- 
rectly informative. A particularly in- 
teresting and useful feature of the 
CHEM Studies project is the provision 
of 20-minute films (16-mm sound) on 
a wide variety of subjects: | have 
found those on catalysis. ionization en- 
ergy. and shapes and polarities of 
molecules instructive and provocative, 
although | have reservations about 
some points in others—for example, 
that on molecular spectroscopy over- 
emphasises the classical concept of 
resonance and neglects the quantum 
nature of light absorption. 

It would be interesting to speculate 
on the part played in formulating the 
two new approaches by the contem- 
porary pedagogic climate, hy the cx- 
perimental nature or the Projects 
through trial and revision, and by in- 
dividual personalities on the teams that 
were responsible for the two projects. 
Most of the features that | have men- 
tioned so far are common to both 
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courses and might fairly be attributed 
to the first two factors. Nevertheless, 
with all their similarities, each project 
has its own distinctive flavor, and this 
must surely be due to more personal 
influences. I am not thinking of the 
clear differences in style. or of the 
innumerable small differences of pres- 
entation or example. There is a dif- 
ference of depth and emphasis, which 
can be summed by saying that the 
CBA project presents a considerably 
more advanced and sophisticated ap- 
proach. with the emphasis placed from 
the outset on conceptual models, and 
proceeds a long way with quantitative 
treatments of energy changes. electrode 
potentials. and chemical equilibrium. 
There is a feeling that experienced 
teachers are giving themselves à revi- 
sion course in the fundamentals of 
elementary work. On the other hand. 
the CS project seems to be more genu- 
inely a beginners’ course, with rather 
more direct connection between experi- 
ment. interpretation. and theory. A 
good deal of thought and many diffi- 
cult decisions must have been taken 
over the precise points at which to 
stop various themes in the CS itext- 
book and transfer any further treat- 
ment into the Teachers’ Guide. Partly 
because it does not attempt to go so 
far with some points of theory. the 
textbook is able to give more applica- 
tions of the principles that it has 
introduced. Often it chooses to apply 
them to chemistry outside the labora- 
tory. Thus. for example. it tells of 
the way that molecular Structure af- 
fects the properties of Proteins and of 
Polymers: it indicates the molecular 
Composition of living systems and ap- 
plies energy eveles to metabolic proc- 
esses: and it relates nuclear stability 
to the use of nuclear energy 
The curly parts of the CBA 
hook explain how to investigate and 
how to describe the properties of miy- 
tures. the connections between chemi- 
cal changes and heat, electrical 
other forms of energy. 
trical nature of matter. 
sound 


lest- 


and 
and the elec- 
This gives a 
chemical sys- 
tems and to changes in them. focusing 


attention on the identification of ini 
and final states. 


trates on 


introduction to 


al 
The text then concen- 
the space-filling property of 
matter. using as models first atomic 
nuclei or cores and electron charge 
clouds. next the kinetic-molecular the- 
ory, and then atomic orbitals and en- 
ergy levels. The main theme of the 
project, which is very ably expounded, 


then emerges strongly to show how 
the nature and diversity of chemical 
bonds accounts for many properties of 
isolated molecules, of metals, of ionic 
solids, and of solutions of electrolytes. 
In these chapters, coordination num- 
bers and oxidation numbers are fully 
discussed, to the exclusion of “va- 
lency," and the very thorough treat- 
ment of the mole concept seems to 
obviate any need for "equivalents" in 
stoichiometry or in dealing with ionic 
compounds and solutions. There are 
features of the electron cloud model 
that bother me, however. The model 
entails the acceptance of a large num- 
ber of postulates in return for "pre- 
dictions" about the shapes of poly- 
atomic molecules. It is not at all clear 
why the "self-energy"— kinetic energy 
introduced to prevent the cloud from 
collapsing around the nucleus—should 
increase as the cloud decreases in di- 
ameter. Nor are the reasons why only 
two electrons can be accommodated 
in one cloud as attractive as the rea- 
sons for introducing the Pauli prin- 
ciple when relating atomic structure 
to the periodic table. And, when con- 
sidering the pains from the postulates, 
it is doubtful whether the qualitative 
balancing of Opposing tendencies 
would lead, for example, io the selec- 
tion of N. and P, from the various 
possible models, if we had no experi- 
mental evidence. In many ways I won- 
der whether the time spent in grasping 


the postulates js commensurate with 
the gains. 


In the last part 


tems, the CBA book 
electrical cells are 


of Chemical Sys- 
« the energetics of 


used to introduce 
free energy, and changes in the poten- 


tial of a chemical cell are linked to the 
distance from equilibrium of the. cell 
reaction. In this Way a realistic con- 
nection is made first between free en- 
ergy changes and the tendency to move 
toward equilibrium, and eventually be- 
tween standard frec energy changes 
and equilibrium constants. The funda- 
mental basis of the law of chemical 
equilibrium is thus Provided in a con- 
Vincing manner, and the equilibrium 
constant appears without the very dubi- 
ous "proof" from the old law of mass 
action. The dynamic nature of chemi- 
cal and phase equilibrium js Suitably 
emphasized, however, throughout the 
book. Another very instructive feature 
of the treatment of chemical energy 
is the profusion of energy-level dia- 
grams used to illustrate enthalpy and 
free energy changes in bond breaking, 
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in phase changes, in the process of 
solution, and in chemical reactions. It 
is much easier for most students 10 
grasp sign changes and algebraic dif- 
ferences from visual presentations than 
from equations. The difference be- 
teen the enthalpy and the free energy 
of a change is identified as the or- 
ganizational energy, TAS. The result- 
ing discussion of entropy as a mèasure 
of organization is accompanied by a 
wholly delightful analogy drawn from 
a simple ball game. Success in the 
game is shown to depend on the ex- 
penditure of energy and the number of 
targets provided at various energy lev- 
els, giving a very homely demonstra- 
tion of the effects of minimizing energy 
demands, on the one hand, and masi- 
mizing the disorder, represented by the 
number of available states, on the 
other. This is one of the best ways I 
have seen of introducing a fundamen- 
tal concept at an elementary level. 
The strength. of the CHEM Study 
books lies in the close relationship 
of experiment, principle, and theory. 
justifying the claim. "A clear and valid 
picture of the steps by which scientists 
proceed is carefully presented and re- 
peatedly used." The style is personal, 
and there are many apt and witty 
comparisons between everyday be- 
havior and the experimental method. 
There is repeated emphasis on careful 
and accurate observation, and on al- 
tention to the precision. with which 
measurements can be made and 
should be reported. Atoms and mole- 
cules are brought in as working mod- 
els at the start; current ideas On the 
structures of atoms and of molecules 
are introduced in chapter 6: the chemi- 
cal and physical evidence for these 
ideas is reviewed in later chapters. In 
the meantime, a realistic but brief in- 
troduction has been given to chemical 
reactions and phase changes by link- 
ing experiments and demonstrations 
with discussions and exercises. I think 
that the CS textbook and the Teacher's 
Guide have to be considered together 
here; in some ways the textbook is 
rather lean, though the direct combi- 
nation of textbook and guide might 
well have been too rich for the stu- 
dent. In this section of the book, there 
is a fair amount of descriptive chem- 
istry of several groups of the periodic 
table, and chapters on energy effects 
in reactions and the factors affecting 
the rates of chemical reactions. The 
reactions chosen to demonstrate the 
rates in the school laboratory seem to 
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me to be somewhat involved both 
chemically and mechanistically. These 
discussions lead to a chapter on chemi- 
cal equilibrium. which contains very 
clear descriptions of the difference be- 
tween true equilibrium and a steady 
state, and of the ways in which ex- 
ternal variables affect the equilibrium 
proportions of the chemicals present. 
The equilibrium constant is introduced 
through direct experiments on equilib- 
rium mixtures and generalized in the 
law of chemical equilibrium. This is a 
sound approach, not as basic as in the 
CBA treatment, but it is somewhat 
spoiled by the lack of qualification of 
the suggestions (in section 9.2.3 of the 
text and in the corresponding part of 
the Teachers’ Guide) that reaction rate 
equations are convenient vehicles for 
deriving equilibrium constant ewpres- 
sions. This is true for single-stage re- 
actions, but as most reactions are multi- 
stage, quite absurd equilibrium expres- 
sions can result from applying their 
rate laws derived under conditions far 
from equilibrium. 

The section in the textbook on the 
factors that determine equilibrium is 
good, with another excellent analogy 
for “disorganization energy" in the be- 
havior of golf balls on a split-level 
floor of a station wagon on smooth 
(low temperature) roads and on rough 
(high temperature) roads. This analogy 
is extended usefully to the effects of 
changing the ari available at each 
level, corresponding to the number of 
targets in the CBA scheme. However, 
the treatment is at a much lower pitch 
than in the CBA textbook. No men- 
tion is made of free energy or of 
entropy. In the Teachers Guide some 
background discussion of these terms 
is given, but with a sad confusion 
of signs on page 294, The “reaction 
tendency” must be set equal to the 
of the tendency towards mini- 
energy and the tendency towards 
randomness. The reaction 
tendency, being measured by the use- 
ful work +w which can be obtained 
from the reaction. must be set equal 
to —AF. the tendency toward mini- 
mum energy as —AH. and the tend- 
ency toward maximum randomness as 
+TAS. giving, as required, 


sum 
mum 
maximum 


—4F = —3H + TAS 
or 


AF = AH — TAS 


Throughout the following paragraphs 
the signs for AF and AH, where they 


represent tendencies, need similar 
changes. so that when AF is a nega- 
live quantity the reaction has a posi- 
tive tendency to go. 

A particularly good feature of the 
discussions of equilibrium in both text- 
book and guide is the linking of 
vapor pressure, solubility, partition, 
gas and solid dissociation, complex ion 
formation, and acid-base and oxida- 
tion-reduction equilibria as examples 
of the application of a common equi- 
librium law to derive the particular 
equilibrium constants. This procedure 
demonstrates the common basis for 
relationships that only too often are 
treated separately and obscured under 
different names (for example, dissoci- 
ation constants, instability constants, 
dilution law, solubility product, and 
so on). 

The middle section of the textbook 
deals with the physical and chemical 
evidence for the atomic theory. the 
structure and energy levels of atoms, 
the bonding within molecules in the 
gas phase. the bonding in liquids and 
solids, and the molecular structure of 
carbon compounds. These very inter- 
esting chapters include an especially 
clear introduction to the way in which 
energy levels of the hydrogen atom can 
be deduced from the atomic spectrum 
and represented by a simple expres- 
sion. 

The final chapters apply the princi- 
ples underlying chemical structure and 
energy to emphasize trends in physical 
and chemical properties within various 
columns or rows of the periodic table 
and to explain some properties of 
some natural large molecules and of 
some living systems. 

It is difficult to do full justice to 
these two great experiments in provid- 
ing courses of instruction that take 
account of the fundamentals of the 
subject and the different needs of 
teacher and pupil. They have evolved 
courses that appear to have many good 
qualities in common and many good 
individual features, with a few aspects 
that might be improved. It is entirely 
in the spirit of the design of these 
experiments that, although their re- 
sults may be regarded as the most use- 
ful available at the time, further modi- 
fications and fresh approaches will be 
needed as the subject and the objec- 
tives of the courses slowly evolve. 

P. G. ASHMORE 
Department of Chemistry, 
Manchester College of Science and 
Technology, Manchester, England 
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Written by the staff of the Nuffield Chemistry Teaching Project for this volume. 
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THE NUFFIELD CHEMISTRY PROJECT 
Education through Chemistry 
by 
G. van Praagh 


The Nuffield Chemistry Project's proposals are a contribution 
to the reappraisal of the place of science in education. The work 
outlined is intended for children of average and above average 
ability in the 11-16 year age group, 


Most of these children will not continue to study science after 
the age of sixteen. For them the course must be a pertinent, 
satisfying and enlightening part of their school experience and must 
be a completed part. There are also those whose interests will 
take them into engineering, industry or further academic study. 

For this important minority, the course must also act as an 
adequate basis and stimulation for future work, whatever its nature. 


In developing the proposals, the varying needs of both groups have 
been kept in mind, 


The bases of the proposals, 
So proposais. 


le Pupils should have a lasting understanding of what it means to 

approach a problem Scientifically and should have a Sympathetic, 

yet critical, awareness of what scientists are doing and can do - 

this has little in common with the short-lived remembering of given 
information, Pupils should see science both as a way of making an 
enquiry and as a body of information which has been obtained by other 
people's enquiry. Their approach must be based firmly on experiments 
undertaken in the spirit of investigation, and the Opportunity for exploration 
must be planned so that pupils develop disciplined imaginative thinking 

and are led to an awareness of the part that science plays in modern life. 


2. The ideas di Scussed, the mate 
must, of course, be adjusted to the 
pupils have reached. They must a 
thought and technology, 


rials and techniques pupils use 
Stage of development which the 
Iso reflect present day scientific 
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3. Examinations, whether in class tests, school or public examinations 
must demand intellectual and manipulative skills, understanding and 

a critical and lively mind. Itis assumed that all have these qualities 

to a greater or less extent - our intention is to provide a course which 
will allow them to be exercised and developed as fully as possible. 


4. An educationally imaginative outlook, expertise, and a sympathetic 
judgment on pupils! needs and interests are found in the teaching 
profession. If these essential qualities are to be fostered adequately 
science masters and science mistresses must not only be given freedom 
from the restrictions that curtail these qualities, but also given 
encouragement and assistance to make use of them and to develop 

them. Especially we hope that those who are thinking of teaching as a 
career will find the opportunity for individual and creative planning, 

and the research that is needed, a challenge that attracts them. 


Classroom implications. 


If we accept these proposals, where do they lead us? They are 
based largely on what being scientific' means to a scientist - the 
application and personal commitment that is involved, the importance 
of the disciplined guess as well as logical argument; the feeling of 
exploration and the readiness to make apparently unwarranted jumps 
while knowing how to check their validity. This activity of science 
is nothing new and, in fact, is embryonic in much of the activity of 
younger children; but so far there has been little opportunity for it 
to take its place in the science education of the age range with which 
we are concerned. Obviously its effect on classroom techniques 
will, in many cases, be revolutionary - if only because opportunities 
will have to be provided for profitable 'dreaming' and the testing of 
dreams! in the spirit of Kekulé. We give here a summary of the 
lines along which this spirit of enquiry can be developed. Three 
groups of people are necessarily affected - pupils, teacher: and 
examiners. 

n falls squarely. on the teachers! shoulders, 
Tt is true that, for many, the burden is fashioned by the demands 
made in public examinations. If these demand the memorization 

of a large body of information, this has to be our own approach, 

If teachers want public examinations that are sympathetic to, and 
encourage, the above proposals they can get them: the Toxumünsiiw 
Boards have already shown themselves to be very encouraging 


and cooperative. 


(a) Teachers. The burde 


3 
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We must have much greater freedom to select the n = 
j i tha e 
i tomary. Our job is to see 
the approach than is cus d | 

ie om m m pupils an opportunity for the kinds of experience 
oa hes in mind, and that, under our guidance, it is profitable and 
b^ me imd if there is to be a 'new look' it will need a ‘new 
coon! This need raises many problems whose solution will 
er : iii than ever, on that personal creative art which is the 
Bess ium of teaching Here we will only indicate some of the chief 
es a 
points. 


1 Our major concern will be to encourage pupils to be scientific 
about a problem. This means that they must have a mental and 
ipulative skill in the exploration of a situation which, while 
et um to us perhaps, is new to them. In all new situations one 
gropes and fumbles and is likely to make mistakes. This feeling 
of one's way, however, is the exercise by which judgment develops 
A pupil must have graded opportunities to be either right or wrong, 
and he must be guided and encouraged to find out which is the case, 
That the pupil should see the point of experimental work is of the 
greatest importance. He must learn that chemicals, test-tubes, 
thermometers, sources of heat and of electrical energy, are tools 
to which he should automatically but thoughtfully turn to settle a 
point of curiosity or of speculation, He must learn that it is proper, 
not wrong, to have an opinion or an idea about something he observes - 


but he can't begin to think he is Scientific if he does not try to check 
whether his idea fits experimental facts 


2. If we are to develop science teaching along these lines, the 
appropriate organization of labor 


atory work for classes of thirty 
or more will play a very important part, Each experimental 
undertaking involves three EQUALLY important Stages in which 
the pupil must take an active par 


t: 
(a) Planning how to tackle the problem, 
(b) Carrying out the experimental work, 
(c) Discussing what deductions can, 


and - often just as important - 
cannot, be made from the result 


S. 


3. The introduction of theory - of molecules and ions, and of the 
writing of equations - raises a major problem in planning a chemistry 
course. This is discussed in the 'Handbook for Teachers', Here 
we only want to say that Speculation about material changes in terms 
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of molecules, ions and atoms, is the very essence of chemistry and 
the proposals introduce it early. From the pupils! point of view, the 
topic is full of the danger of unscientific, dogmatic assertions: ne 
model should be more sophisticated than is necessary to deal with the 
needs thrown up by the pupils' experience. In whatever way this 
problem is eventually solved, we want pupils to learn to distinguish 
between phenomena observed and explanations put forward by the 
creative thinking of the human mind. From the beginning, they must 
be encouraged to think imaginatively about the problems confronting 
them, and to suggest further experiments and explanations. When 
they are young, many children will do this without prompting and we 
want this tendency to grow in precision and not to be stifled because 


children are afraid of being 'wrong'. 


4, What should be done about the content of a course? Any present 
day consideration of this runs into the danger of excessive loading and 
this has become very serious, especially for our more able children. 
We, however, see this problem as arising from an attitude that 
regards a school subject as a corpus of information which pupils 
should be able to repeat - as a result, any addition is regarded as 
something more to learn, any omission as a loss of knowledge. A 
school subject need not be so regarded and content, like examinations, 
should be the servant, not the master. If the pupils are to feel that 
chemistry is 'alive!, they should meet with up-to-date chemical ideas. 
It is true that much of the chemistry in the Nuffield scheme of work 

is familiar but a number of substances and experimental techniques 
are introduced that are not customary for the age range. In 
importance is attached to familiarity with energy changes, 


particular, 
(b) Pupils. There is a very considerable increase in the maturity 
—À Ón92 The first year is one of getting 


r the five years. 
the feel of what being & scientist means, of meeting new and 


strange materials, of learning how to do a job, of enjoying the 
thrill of discovery, and of learning to speak the language. It 

is not a time for imposed memorization of information, but a 

time to collect experiences, to collect ideas, to collect information, 
to explore new territories, and to begin to keep a science diary 

or note book. Pupils develop a skill in doing experiments and 
asking questions. As they get older, this exploration becomes 
more deliberate: attempts at explanations in terms of atoms, 

ions and molecules, become normal procedure, but pupils must 
realize that explanations are tentative and that they must be tested 
and, if needs be, adjusted, or even rejected. 


of pupils ove 
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(c) Examiners. Whether these are external examiners in public 
examinations or ourselves setting class tests and school 
examinations, it must be remembered that any educational 
scheme will be made or broken according to whether or not, 
at times of assessment, the demands made by types of 
questions are sympathetic to - indeed positively encourage - 
the intentions behind the scheme. It is an area of educational 
concern to which a great deal of thought must be given in the 
very near future, What are examinations trying to measure? 
Is it worth measuring? Is there evidence that what is done 
does measure it? 


The form and content of the syllabus, 
ee ot the syllabus, 


Present chemistry Syllabuses, whatever may have been the 


&re predominantly lists of 


We replace these bya 
syllabus emphasizing manipulative and intellectual skills, and 


remembered, However, the chemi 
this manipulative and intellectual n 
through which they acquire the hab 
evidence for statements, will ofte 


Stry through which pupils attain 
imbleness and understanding, and 
it of demanding and assessing 

n be that used in older syllabuses, 


A. Chemistry as a way of conducting an enquiry, 


course, pupils should hav 
the following:- 


(1) Getting new materials from those available 
Bringing changes about: 


use of thermal and e 
and energy from electromagn 


lectrical energy 
etic radiation; adjus 


ting the conditions 
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Using a melting point or a boilin i 

; 2 g point to test the purity of 
product and using simple chemical means of finding Gub dn what ies 
the new products are different. = 


(2) Looking for a pattern in the behaviour of substances 


Representing and interpreting qualitative and itati 
and assessing the evidence for the interpretations ane aie 
major patterns of behaviour - examples of this are acidity and idus 
alkalinity in aqueous solutions; metallic and non-metallic nature; 
electrical differentiation into electrolytes and non-electrolytes; i 
colloidal and non-colloidal systems; the periodicity of properties 
of elements and the conservation of mass and energy. Realizing 
that the importance which is placed on a pattern changes in the 
course of time - for example, Lavoisier's, Davy's, Arrhenius's 
and Lowry and Brønsted's way of thinking about acids. Hecognition 
of continuous gradation of properties in all classifications should 


arise from discussion. 


(3) Using explanator concepts and knowing how to check theory b 


observation. 


Using the ideas of atoms, ions, molecules, giant structures and 
to explain experimental observations; planning 
theoretical explanations; use of the g-atom and 
in this testing; the beginnings of deliberate 

g in terms of chains, rings, sheets, and three- 


types of bonding, 
experiments to test 
g-formula as an aid 
molecular engineerin 
dimensional structures. 


(4) Associating energy changes with material changes 


Measuring the theat' of a reaction in simple ways; using tables 
of AHf; using energy changes in a simple way to check theory against 
fact by associating them with changes in energy due to bond making 
and bond breaking and with energies of vibration, rotation, and 


translation of ions and molecules. 


iwork! of a reaction and using tables of AGf; 


Measuring the 
and 'the work' of a reaction have not 


knowing that 'the heat! 
necessarily the same value. 


During the course simple investigations should be undertaken of 
material changes brought about by absorption or emission of U-V 
visible, and I-R '‘light'; e.g. photosynthesis, photography and 


flame-tests. 
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B. Chemistry as the result of enquiry. 


Pupils should be aware of the work of other people. This does 
not mean a course of potted biography, but the opportunity to meet a 
few chosen examples of exciting minds and of the ‘flash of genius', 
Chemistry should be recognized as a product of people's activity, 
and the subject seen in a human perspective. For example, pupils 
should have some awareness of the way that the concept of an element, 
the concept of atoms, and the concept of energy, have developed, 


An appreciation, through a few s 
knowledge acquired by chemists is u 
some of the material requirements 
deliberate intention of the course, 


pecific examples, of the way the 
sed for meeting and fostering 
of a community should be a 


Within this framework, cons 


iderable choice is left to the teacher 
to adjust the course to the intere 


sts and abilities of the pupils, 
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Compiled by the staff of the Division of Science Teaching, Unesco, for this volume, 


THE UNESCO PILOT PROJECT FOR CHEMISTRY TEACHING IN ASIA 


1. BACKGROUND TO THE PILOT PROJECT 


The newly-developing nations of Asia are quite aware that their 
development rests heavily upon their ability to train large numbers of 
their people to serve as technicians, technologists and scientists. 
They also are aware that they must spread an understanding of science 
widely among all their people to fom a base for a modern industrial 
society. Yet their chier instruments for accomplishing these tasks — 
schools, technical institutes and universities — are seriously weakenea 
by a great shortage of trained science teachers, by a scarcity of modem 
textbooks, and by inadequate school laboratories and apparatus. They 
struggle against rigid examination systems and out-dated curricula in 
their efforts to teach modern science, Far-reaching reform of science 
teaching is clearly a matter of high priority facing them. 


Unesco has not been unresponsive to requests fron Asian leaders 
rm. Through Unesco assistance, 


for help in carrying out this refo : o t | 
science instrument repair centres have been built; inexpensive science 
teaching apparatus has been supplied to schools; advisers on science 


curriculum reform have been sent to Ministries of Education; teacher- 
training institutions have been provided expert personnel, fellowships 
and equipment to increase their ability to prepare science teachers; 
and Advanced Centres for scientific work have been supplied with 
Scientists of the highest calibre. To coordinate and intensify this 
assistance, Unesco has established two regional Science Qo-operation 
Offices, one in New Delhi, one in Bangk ko 


While continuing these important programmes, Unesco has recognized 
an urgent need for a new type of assistance to science teaching improve- 
ment. In each country in Asia, Unesco finds a small but growing corps 
of key science educators which is taking on more and more of the res- 
ponsibility for improving science teaching. These key individuals are 
writing the new science textbooks needed in the schools; they- are 
organizing and conducting in-service courses for school science teachers; 
they are modernizing science curricula and syllabuses and overhauling 
the old examination systems; and they are introducing new techniques of 
instruction into the schools and universities. These individuals - 

"the teachers of teachers" ~ can be found in the science departments of 
universities and of teacher training colleges and in the science 
education sections of the ministry of education. But wherever they are 
working, they are shouldering tasks of enormous magni tude without 
sufficient assistance to insure the best results of their efforts. 
Unesco's new type of programme has been focussed upon 
The strategy is to invest in strengthening their 
ence education and to depend upon them to 


Consequently, 


these key teachers. t 
abilities as leaders of sci 
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flect this contribution in improvements to all those Science teaching 
ip? for which they are responsible. Besides realizing a large 
uere as attact in the funds invested (an important consideration in 
e dps limited resources), this Strategy appears sound in 


recognising and reinforcing initiative already present among many Asian 
6 
teachers. 


In planning this new Programme, Unesco has been guided by several 
convictions regarding science teaching reform: 


(a) The rapid growth of new knowledge in science makes it 


tists and science teachers directed toward clarifying 
the underlying concepts in each field 


of Science; 
(c) Science teachers mus 
` fulness of the newer techni 
are being developed by educ 


2. OBJECTIVES OF THE PILOT PROJECT 
—SS RO pou 


The Filot Pro; 
Unesco has establish 
reform, is only a fi 
moment to teachers o 


ect for Chemist Teachin 
ed to implement this Strategy for Science teaching 
rst step, of course, for it is limited for the 
E cheñistry, : Nevertheless, it is expected to 
idelines for future programmes of larger scope 
neces and other Subjects. The Pilot Project aims 

i emistry in Asia along two Principal 
lines: 


in Asia, the programme 
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' 
UJ 
i} 


in chemistry and upon new techniques of instruction 
should provide a powerful stimulus to all who are 
preparing student materials for use in schools and 
universi ties. 


This programme has been set up as a pilot programme because of ths 
Magnitude of the problems to be solved and the vast number of teachers 
and schools to be assisted in Asia, Only in a pilot project is it 
likely that reasonably manageable conditions can be assured for 
conducting the search for solutions to these problems, and only in a 
pilot project is it likely that ways can be devised to disseninate 
these solutions effectively to each participating country, 


Furthermore, the pilot nature of the project is important in 
another way: it permits a demonstration to be carried out of the 
feasibility of involving university and research scientists in the 
rethinking of school-level science content, All too commonly it is 
assumed by school authorities and university or research scientists 
that school science teaching has nothing to gain from university or 
research scientists, Yet the lessons learned in the recent science 
curriculum reform projects of Europe and North America point clearly 
to a different conclusion: high level scientists, if involved in on 
manner in school science reform can make an important 


appropriate . 
contribution to fundamental reform of the content of school science, 
The challenge facing any project that seeks to be effective is to 


discover those arrangements by which leading scientists may be use- 
fully involved in reform of school science teaching. The Pilot 
Project has made a careful attenpt to provide just such arrangonents 
in its experimental centre in Asia and Unesco hopes. the demonstration 
proves so convincing that the barriers preventing sincere searches 

at the national level for cooperation between school authorities and 
scientists in Asia can be overcome. This cooperation could lead to 
striking advances in school science reform projects in countries of 
Asia where scientists of world-reputation are literally waiting to 
find a way to be useful to their own schools and talented youth. 
Hopefully, the pilot project will show a way to energize these 
resources for science teaching improvementéhile keeping the guidance 
of schools in the hands of seasoned teacherse 


39 THE PLAN OF ORGANIZATION OF THE PILOT PROJECT: 


iving at the most effective plan for the Pilot Project 


strongly influenced by the presence in Asia of already 
a projects for science teaching reform ^ - many with 
major out from the aid progranmes of the higly industrialized 


nationse 


In arr 


g the Pilot Project in Asia, Unesco hopes, for one 


locatin 
By e teaching will arise through a wide 


thing, that benefits to scienc 


re 


+ Ceylon, Japan, India, Philippines, Australia, Koreu, Taiwane 
, vi 
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interchange of experience among leaders from these Asian curriculum 
refom projects who are brought together. 


For another, Unesco hopes to involve these national groups in 
Asia who have begun science curriculum reform in the work of the 
experimental centre of the Pilot Project. These local groups can 
supply the Pilot Project a means to field test its materials during 
their development. In return, the Pilot Project is able to 
provide resource materials to the national groups for their own tasks. 


The organization of the Pilot Project connects an International 
Working Group, located at an experimental centre for cheuistry 
with national Study Groups in each participating country of A 
Each Study Group is supplied the resource materials prepared by the 
International Working Group and, after studying the materials, makes 
them available to individuals and groups working at the local level 


on various aspects of chemistry teaching reform. These groups 
include: 


teaching 
Sia, 


l. Chemistry teachers in universities or teacher training 
colleges; 


2. Science education sections of a Ministry of Education; 


3° Curriculum reform committees; 
4» Leaders of in-service courses for chemistry teachers; 
5e Textbooks-writing teams. 
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CRGANIZATION OF THE 


UNESCO PILOT PROJECT FOR CHEMISTRY TEACHING IN ASIA 


INTERNATIONAL WORKING GROUP 
(Staff plus 20 Asian Teachers) 
located during 1965-66 at an experimental 

centre for chemistry teaching 
in Bangkok, Thailand 


STUDY GROUPS 


PHILIPPINES TAIWA. THAILAND 


The Study Groups are supplied the resource materials in Chemistry 
y A p available to national or local units 


a and make them 


Teaching fran Ban 
reformo 


working on curriculum 


ao The International Working Group 


During 1965-66 a group of twenty chemistry teachers from universities 
and teacher training institutions of fourteen Asian countries has assembled 
in Bangkok as the International Working Group of the Unesco Pilot Project. 
They are devoting a full year to study, laboratory research, and develop- 
ment work on chemistry teaching materials in an experimental centre for 
chemistry teaching The experimental centre consists of a well equi ppea 
chemical laboratory, audio-visual materials and production facilities, 
offices and study rooms, and has been made available through co-operation 
between Unesco and the Government of Thailand. ‘The staff and consultants 
for the International Working Group are being drawn fran among leaders 
of the chemistry teaching reform projects of Asia, Europe, and the U.S.Ac 
Othér consultants include outstanding chemical research scientists and 
specialists in the new techniques of instruction. (+) 


The International Working Group is proving useful as a channel for 
transfer to Asian teachers of some of the experience on curriculum reform 
gained in major projects outside of Asia; the Nuffield Chemist Proj 
T i ry Project 
in the U.K., and the CHEM Study and Chemical Bond Approach Projects in 
the U.S.A., for example, 


Furthermore, since many of the Asian teachers i 
I i in the Working Groups 
have taken leading parts in curriculum reform projects now aC mcd in ó 
several of the Asian countries, the International Working Group is proving 
P once di means of exchanging these experiences among the Asian teachers 


ch for sui 
preparation of teaching mater itable student experimenta; 
8mm film loops, programmed le 
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b. Study Groups 


Unesco has invited each participating country to organize one or 
more national Study Groups. A typical Study Group in a country contains 
university chemistry teachers, secondary school chemistry teachers, 
science education specialists from ministries of education, and often 
times a research chemist. In most cases the participation is voluntary, 
though in some countries a more formal arrangement has been worked out 


regarding membership in the Group. 


The Study Groups meet at regular intervals to examine and comment 
critically upon the resource materials sent from the Intemationel 
Working Group of the Pilot Project. Unesco is also sending these Study 
Groups textbooks, teachers guides, leboratory manuals, films, and other 
teaching materials from sane of the more important chemistry reform 
projects in the world, and as a consequence; Study Groups are able to 
function in each country as clearinghouses of chemistry teaching 
materials, a function of considerable value to teachers in schools and 


universities who desire access to such information. 


The most important function of the Study Groups is their work in 
linking the International Working Group of the Pilot Project wi th 
individual or group effort in each country directed toward writing new 
textbooks, conducting in-service courses for chemistry teachers, or 
carrying on curriculum reforms. The Study Groups are bringing to the 
attention of these efforts the Unesco resource materials and in many 
cases, suggesting possible use of the materials at local levels. — 

The Study Groups have been instructed, of course, to respect the rights 
of all who accept the Unesco resource materials to use them on their 


own terms. 
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4. PREPARATION OF THE RESOURCE MATERIALS 


The strategy which guides the International Working Group in 
preparing resource materials embraces two central propositions whose 
validity for science teaching reform has been suggested by work in 
some of the major projects mentioned earlier: 


The first of those propositions raises the possibility that many 
attempts to improve chemistry teaching are frustrated by insufficient 
attention to the nature of chemistry itself. The basic question is: 
What could be accomplished through a careful examination by competent 
chemists and experienced teachers of the principles and practice that 
comprise chemistry? The Pilot Project asks the teachers .to take this 
question seriously and has arranged for them to devote considerable 
time to a careful examination of selected areas of chemistry content. 
This examination, referred to as content anal. sis, has already indicated 
a variety of gaps and ambiguities in conventional presentations of 
chemistry. 


The second of those propositions stems 


from preliminary experiments 
with new techniques of instruction, 


These experimerts raise the 
possibility that a teacher's outreach and e 


ffectiveness might be consider- 
&bly increased through the new techniques, e.g. Omm film loops, programmed 
learning, inexpensive laboratory kits, etc. Even more important, the 
experiments suggest that these techniques may encourage stuáents to 
Shoulder more of the responsibility for their owm learning of science, 
These possibilities are being examined by the Pilot Project. Sets of 
carefully integrated media for instruction Prepared on the basis of 
analysis of each tcpic are being supplied to the Study. Groups in each 
country in the hope th2t they will stimulate further won along the lines 
opened up by the International Working Group. Only a limited amount of 
testing of these materials with Asian school children can be attempted 
in the Project. Extensive adaptation and testing in actual ss: à 


Situations must be assumed by local groups und inen 
i i i er supervision o 
in science education f experts 
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A diagrammatic presentation of the procedures followed by 


the Intemational Working Group 


How the scientist CONTENT =) How the student looks 
looks at the topic ANALYSIS ) at the topic 


CONNECTED 
DISCOURSE 


VARIOUS 
PROPOSALS FOR 

TEACHING 

SEQUENCES 


Teachers'| |Programmed 


TYPICAL 
RESOURCE Guides Instruction 
MATERIALS Material 


Ao Content Analysis 


During 1965-66, three topics recognized 
much of the chemistry taught in schools have bee 
the Centre by a panel of scientific advisors to 


as connecting threads in 
n selected for work in 
ihe Pilot Project: (+) 


ionships among reacting substances; 


emical reactionsj 
tructure in chemistry 


Mass relat 
Imergy in ch 
The rôle of S 


NENNEN 


um " —— 
(*) Report of Moscow Planning Meeting of Unesco Pilot Project, 


September 1964. 
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The analysis of each of these topics begins with questioning the 
adequacy of definitions of terms commonly used in textbooks. A search 
for "operational" ways to relate these terms with student experience 
leads the participants to a considerable amount of laboratory research 
on suitable experiments for student use. Finally, an effort is made to 
link each topic to other parts of chemistry. A fuller account of those 
procedures, as well as suggestions of additional topics likely to occupy 
the participants in such a Centre in subsequent years, appear in a paper 


by the Project Director, entitled: Content Analysis as a Major Strat 
for Curriculum Refom, 


The crucially important feature of success 
that the particular chemical topic under examina 
to two points of view: 


ful content analysis is 
tion must be kept subject 


1. The point of view of the scientist who insists upon 
reliability of evidence, experimental Support or 
ideas, and a contemporary understanding of the topic; 


2. The point of view of the student in the classroom 
who is attempting to understand the topic as a 
part of the subject of chemistry he is studying. 


A balance between these two points of view is essential to any 
successful reformulation of a topic in chemistry. The Pilot Project 
participants are devoting considerable effort to attaining this 
balance by finding ways to overcan 
dialogue between those who look on 


continuously within an appropriate 
of fresh thinking on what is 
schools. 


centre to provi 
taught in the Science 


B. Connected Discours e 
= 21$Scourse — 


The content analysis of each topic in chenist 


Summarized in the fom of a connected discourse, of 
eed discourse, 


ty is finally 
of a monograph. The question then 


: u ten in the form 
arises, "What is the best way to 


films, texts, progr: : ing techniques available — 
? 3 


that no reall i 
theory exists witn which to ans i iti Gen 
, 


Suggesting different 
compared eventually in terms of " 


This Step is 
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C. Preparation of resource materials 


One of the best ways to assist the teachers in the Pilot Project 
to become acquainted with modern principles of learning theory and 
with new techniques of instruction is to ask them to develop carefully 
integrated sets of teaching materials based upon these principles and 
techniques. Unesco has prought to the centre highly experienced | 
consultants on such topics as audio-visual techniques and programmed 
instruction. The resource materials produced are to be labelled as 
“experimental and tentative" because more exhaustive testing of these 
sets under conditions of actual schoolroom use will be required to 
detemine their validity in schools. Since in almost all countries 
the testing of experimental teaching materials with children in school 
is a prerogative. of education ministries and teacher training colleges, 
the Unesco policy is to restrict the Pilot Project work to preparation 
of these sets of materials as resources for local experimentations 


D. The Search for meaningful laboratory experiments 


is a central feature of the experimental 
ff and participants are devoting consider- 
n waich a search is underway for 

The criteria for sucn student 


The chemical laboratory 
centre. The Pilot Project sta 
able effort 5o laboratory work i 
meaningful experiments for students, 
laboratory experiments are stringent ones: 


lL. The experiment should have ‘a clear scientific purpose. While 
exercises to teach the use of equipment, and to demonstrate difficult 
principles are occasionally useful, a better experiment will provide 
data that answers à specific questione The best experiment provides 
data that answers a question at the same time that it raises new 
questions. In all cases, the purpose of the search must be clearly 
understood by the student SO that the data-gathering techniques appear 


relevant to hime 
al techniques and apparatus must be appropriate. 
lace for gathering ideas, then complicated 

i iffi i + in the way, The very 
e fficult techniques can only ge e 
p ga usi LE of equipment in Asian schools confronts the Pilot 
Project with the task of searching for simple procedures using the 


most readily available chemicals an 


2, The experiment 
If the laboratory is 4 P 


ld be honest accor 
Often, by selecting specific 


3 The experiment shou 
false experiment to 


knowledge of the underlying chemi strye 
reactions or specific condi tions, one can use & 


gather good data. However, the en 


problems should be faced squarely, 


or else put in & context where its’ falseness is brought to lighte 


d the most familiar types ot apparatus 


ding to the best available 


d does not justity the means, Chemical 
and the spurious experiment discarded, 


345 


346 


4. The experiment should be reproducible by the class ot students 
who use it. Careless work should never be encouraged: measurements 
should be made to the limit of convenient accuracy, unless it is know- 
ingly done to gain an order of magnitude estimate. Such matters as 
errors in measurement, significant figures and reproducibility are a 


necessary part of the laboratory procedure. 


5. The experiment should encourage genuine independent inquiry. 
The pursuit of chemical fact and theory is a never-ending quest. In 
such experiments, even the unimaginative student can be made to see 
the need for and be inspirea to do unscheduled but supervised work. 


Compiled by the staff of the Division of Science Teaching, Unesco, for this volume. 


OTHER PROJECTS FOR THE REFORM OF CHEMISTRY TEACHING 


Australia 


A major reform in the teaching of all the sciences has recently taken 
place. In New South Wales, under the auspices of the Nuclear Research 
Foundation, a six-year integrated science course has been designed in 
which the subjects astronomy, physics, chemistry, biology and geology 
are treated as a whole. The aim of the originators of this course is 
to enable the student to view science as a whole and not to look upon 
it as "bits". In addition, it is intended that the integrated course should 


provide a maximum amount of basic general knowledge for those whose 
and maximum scope for 


only instruction in science will be this course, 
In order to achieve 


specialisation for those who wish to go further. 
this, thetext-book for the first four years of the course has been 
written to cover three levels - Ordinary, Credit and Advanced. 


The fundamental thinking on which the chemical aspects of the 
as carried out at summer schools for chemistry 


teachers held at the University of Sydney, during 1961 and 1962. ‘Lhe 
ways in which modern developments in various aspects of chemical 
theory could be made the basis of school chemistry courses were explored. 
Working Groups considered the teaching of topics such as "Equilibrium 
and Chemical Reactions", "Atomic Structure and Chemical Bonding", 
"Oxidation, Electrolysis and Acid - Base Theory", and "Nuclear Chemistry" 
in terms of depth, order of treatment and general teaching approach. 
Recommendations were made as to what material would be appropriate at 

A working group on Organic 


different age and ability levels of pupils. 
Chemistry recommended that this subject should be integrated with 


inorganic and physical chemistry so that chemistry can be taught as a 


Single co-ordinated subject. 


course were based w 


a comprehensive teachers' 

p to assist teachers in the implementation of 
use of the text-books. Each chapter of this 
ce material, and suggests 


In addition to text-books for pupils, 


manual has been drawn u 


the new syllabus and the 
manual, gives detailed references to sour 


al 


e for High School Students text-book series, world publishing 


5 Scienc 
Oxford, U.K. 


rights, Pergamon Press Lid. 


of these Summer Schools is avai 
" Approach to Chemistry, 1962" 


Australia. 


* An account lable in " Approach to 
Chemistry, 1961" and , University of New 


South Wales, Sydney; 
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appropriate apparatus, experiments, visual aids and models to 
illustrate the relevant chapter of the pupils' book, as well as outlining 
a recommended teaching approach. The Working Groups of university 
lecturers and school teachers who both drew up the syllabus and wrote 
the text-books to accompany it will continue to carry out amendments 
and adaptations to the course as the need arises, so that it is kept 
up-to-date. 


Ceylon 


A major project for the development and reform of science teaching 
in Ceylon was launched in 195 . with assistance from Unesco and funds 
from both government and bi-lateral aid Sources. New schemes of 
work in all the sciences have recently been introduced into the Schools 
after extensive trials over a period of two years. The scheme was 
drawn up by working groups of local teachers with leadership from 
experts with overseas experience of curriculum reform, Schools have 
been provided with laboratories and equipment for the courses and also 
with tool-kits so that simple apparatus can be improvised, mak ing 
use of local materials. Refresher courses for teachers based on 
the new schemes of work have been organised, and the training of 
science teachers is also related to the schemes, 


The chemistry outline gives detailed recommendations for teaching 
approaches, experimental procedures and tests. The teacher is not, 
however, constrained to adhere rigidly to the treatment Suggested, 
provided he gives a similar content of instruction to his pupils, In 
drawing up the schemes, there has been an attempt to move .away from the 
teaching of the stereotyped preparation and properties of a number of 
apparently isolated chemical entities in favour of a more thorough 
treatment of chemical reactions. Selection of the reactions to be studied 
was based partly on their importance from a fun ctional aspect in à Ceylon 
context and partly on their effectiveness as illustrations for teaching 
chemical principles in Ceylon schools. The whole course is based ona 
foundation of practical work, much of it of an individual nature, 


Czechoslovakia, (Information supplied by Professor J. Zyka, Head, 
Department of Analytical Chemistry, Charles University 
Prague, and Dr. A. Schutz, Department of Physical ? 
Chemistry, Charles University. ) 


The training of secondary school chemistry teachers has received 
considerable attention recently in Czechoslovakia, and the System which bas 
now been worked out has been found to be highly effective. It is an 
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improvement on the older system in which school teachers were 
educated entirely in the Natural Science faculties of the universities, 
and also on the system which superseded it in which independent 
colleges of education were instituted. The latter system was found 
unsatisfactory because the separation of teacher training from the 
universities caused a decline in the quality of the education. 


In the system which is now in operation, the aim is to develop 
good chemists as well as good teachers. Students intending to become 
secondary school chemistry teachers enrol at the university (the 
Faculty of Natural Science) for a five-year period of study. The 
receive training in two science subjects e.g. Chemistry-Physics or 
Chemistry-Bioldgy. For the first three years, the syllabus followed 
by students attached to the pedagogical branch is practically the same 
as that of the chemistry research branch, and the same professors 
supervise the work in both branches. In the third year, the two 
branches separate and the prospective teachers include in their 
programmes courses in methods of chemistry teaching and educational 
psychology, the former being taught by chemistry lecturers who have 
special responsibility for pedagogical students. They also visit schools 
and take part in practice teaching. In their final year they prepare a 
diploma thesis which must deal with a specialized topic in chemistry, 
be original work, and present a view of a part of some field of science, 
discussing the application of this review to school-science teaching. 
Quite often the diploma theses of prospective secondary school teachers 
are similar to those of prospective research chemists. The final 


examination is in all branches of chemistry. 


y staff take part in all activities connected with 
secondary school chemistry teaching. Recently the Ministry of 

Education and Culture created a special advisory committee to review 

the syllabus and curriculum both of the universities and the secondary 
schools. A special section of the Czechoslovakia Chemical Society has 
been established to consider the problems of chemistry teaching. 
Postgraduate courses on recent developments in chemistry are be ing 
organised for teachers, lead by outstanding research experts and scientists 
from the universities and the Academy of Sciences; these courses house 


laboratory work. 


University chemistr 


Ghana and Nigeria 


New chemistry syllabuses at both 


the School ifi 
Level have been approved by the West ol Certificate and Advanced 


African Exam inations Council 


The preliminary work for both these syllabuses was carried out by the 
Ghana Association of Science Teachers, a voluntary organisation, 

whose working parties set out to produce chemistry courses which were 
up-to-date in content and method, and also related to the West African 
environment. These working parties were made up of practising school 
teachers and university lecturers in chemistry and education. Recent 
work on chemistry curriculum reform from the USA, U.K. and Australia 
was brought to bear on the design of the new syllabuses, as was the 
O.E.C.D. Report of the Greystones Seminar. 


In both syllabuses, considerable pruning of content has taken place, 
and topics were only included if they could be justified as fundamental 
to an understanding of the subject or as having important applications in 
West Africa. In the Advanced level syllabus the emphasis on basic 
principles is placed particularly on the concepts of structure and energy 
as they apply to chemical systems, and in the School Certificate syllabus, 
more emphasis is placed on atomic structure than has previou ly been 
the case at this level of teaching. The fundamental importance of 
practical work is brought out in both syllabuses. 


Refresher courses for chemistry teachers have been held in both Ghana 
and Nigeria during the last two years. Plans are now being drawn up to 
produce teaching materials to accompany the new syllabuses. 


Hungary 
1. Modern Teaching Methods, 


Dr. Pais, Professor of Chemistry in the Chemical Department of the 
College for Horticulture in Budapest, reports that an increasing number of 
chemistry teachers in Hungarian high schools is studying the simpler 
aspects of 'programmed learning', although he does not think that the 
method will ever have a predominant place in chemistry instruction in 
Hungary. On the other hand, chemistry instruction by television 
begun only'a year and a half ago, has already become significantly 
important. So far, two programme series have been initiated - (1) a seri 
of 18 lectures, covering the secondary school first year curriculu f "a 
adult students (evening classes and correspondence courses): (2) eins 
broadcast once a month to assist chemistry teachi i Í a programme 

" y ching in grade 7 (age 13) of 
the elementary schools. These broadcasts are not intended to b 
substitute for the teacher, but they make possible demonstrati pas i 
which are beyond the resources of an average school, lip ibid 


Fi 
to set the mood for the discussion of a given topic, and eine. Rho 
rate 


350 


the practical application of the element 01 

encouraged to see the relation TU E -— 
and they acquire knowledge which could otherwise only be ditnined b " 
time-consuming visits to factories. Cartoons have been extremely x 
cessful in demonstrating chemical principles such as reversible 
ilibrium, Avogadro's Law etc. Closed-looped 
d successfully in training chemistry EE 
Well-trained teachers give lectures in model schools, organized by the ` 
universities. These lectures are transmitted by built-in cameras and 
microphone into a lecture hall where 30-40 would-be teachers can observe 


the lesson without disturbing it. 


2. Curriculum changes - work in progress. 


Department of Chemistry, National Pedagogical 

orts on curriculum reform since 1962. Chemistry 
h form and continues in the .th form of the 

and then in the grammar schools, 
e so that 


suc 
processes and chemical equ 


television has also been use 


Dr. K. Garami, 
Institute, Budapest, rep 
teaching begins in the "t 
general (elementary) schoo 
Efforts are being made tointro 
it can be used as a basis for arran 


ls (ages 10-14), 
duce atomic structure at an early stag 


ging the material covered by the course. 


ork on the grammar school curriculum features 
echanics, bonding, energetics, ‘structure and 
Dr. Garami expresses the view that 
tant part in the modernization of 


Current research W 
the introduction of wave-m 
mechanism in organic chemistry. r 
programmed instruction may play an impor 


chemistry teaching. 

ed by Professor A. Liberti, Institute of Analytical 
ty of Naples. ) 

of the teaching of chemistry in 


based on the recommendations of the O. E, C. D. 
chemistry teaching (1960). A national committee 
as been established whose membership includes 


inistry of Education officials and secondary 
mmittee has supervised a pilot project in 


Italy (Information suppli 
Chemistry, Universi 


Activities for the improvement 


Secondary schools were 
Greystones Seminar on 
for chemical education h 
university professors, M 


schoolteachers. ‘ihe Co eae . : do 
chemistry teaching and is evaluating its results. The pilot project is 
CHEM Study material and its stages of implementation 


partially based on 
have been as followS:- 


NEN cC 


G, D. 


3 
sponsored by C. B. 
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i held in Rome in the 
i A seminar for 70 school teachers was th | 
S d Fd and 25 of these teachers were selected for participation 
prin a ar 
in the pilot experiment. 


(ii) A training course of three weeks was held in the summer of 
1963 for the 25 teachers. 


iii ; i i -65 pilot classes in schools 
i) The 25 teachers directed in 1964 
of Fu types, according to a new syllabus, and followed a text-book 


"Lezioni di Chimica" and a manual of experiments drawn up by the 
national committee. 


(iv) In 1965 the experiment was doubled and 80 pilot classes have 
been in operation, There will be a further extension in 1966. 


The teachers involved in the pilot project have been relieved of some 
of their teaching assignments to give them more time fo ; 
of the work and preparation of the experiments; also the working time 
for the students was increased by about one hour per week to make time 
for the laboratory work. Schools with pilot classes were equipped with 
up-to-date chemistry laboratories, as previously students were learning 
chemistry without carrying out experimental work, The teat beak 
"Lezioni di Chimica" and the manual of experiments which emphasise 
the experimental approach to the teaching of chemistry are intended to 
Serve as a pattern and as a reference book for text-book Writers and for 
teachers who wish to keep up with new methods of teaching. 


r the organisation 


The results of the project have been ver 
enjoy the experimental approach to learni 
a high standard in their work, 
text-books available on the market and the elimination oft 
errors. The impact of the pilot class experiments on the 


chemistry in the secondary schools Over a period of two y 
quite remarkable, and soon its effect will be felt also at a 
level. 


y encouraging. 
ng chemistry and h 
There has been a generali 


The pupils 

ave reached 
mprovement of 
he more common 
teaching of 

ears has been 
higher educational 


Japan (Information Supplied b 


y Professor M. Oki, 
Chemistry, 


Department of 
the University of Tokyo.) 


The Chemical Society of | apan established in 1952 the Committee of 
Chemical Education which has been actively engaged in the modernisation 
of chemical education, A series of lectures on the C.B. A. projects given 
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in 1961 by Professor A.H. Livermore lead to three summer instiluies 
in 1962 at which this project was discussed in detail, two lecturers were 
invited from the USA and there was 120 participants. In 1963-64, 
lectures given by Dr. ^. A. Campbell lead to a request for a series of 
institutes on the Chem, Study Project in 1965. Plans are now being 
drawn up for a revision of the teaching of chemistry for the 15-18 age 
group, and it is intended to draw up a prototype text-book. Centres 

for the re-training of teachers are already actively in operation and will 
be used to familiarise teachers with the new materials. The Committee 
of Chemical Education has also made a general survey of the teaching 

of chemistry at college levelas a preparation for reform. In November 
1964, a group of chemistry professors from the USA and, apan met to 
discuss college chemistry curricula. Asa result of this meeting it 

was agreed that information should be exchanged on the re-organisation 
of chemistry curricula and the relation between college and high school 


chemistry. 


| x mv d 
Swit i Abstracted from school chemistry reform in Swiizerlan 
Switzerland. pon Dr. C. Kauter, School Chemistry, QECD. ) 

rants to assist in curriculum revision, 


it is left to private initiative to reform the methods of teaching chemistry. 
The Swiss Society of Science Teachers has a special section and committee 


to deal with all matters concerning chemical education. ‘This committee 
to bring the ideas of the Greystones Seminar 


organised voluntary courses f ; 1 
of O.E. C.D: into perspective with Swiss Education. ihe Swiss Chemical 
Industries financed these courses. In March 1963, the new syllabuses 
were introduced involving new concepts in the teaching of chemistry. | 
Two text-books have been prepared to accompany these courses, drawing 
on material from CHEM Study and C.B. A. 


As there are no government g 


United Kingdom. 
ds in the Teaching of Chemistry, by 


ren 
©: E C.D.) 


Scotland (From Present T i 
moe School Chemistry, 


D.G. Chisman, 
r the Scottish Certificate of Education in physics and 
chemistry were introduced in 1962 and were offered as alternatives to the 
more tedio type of syllabus. About two-thirds of the schools have 


i tics 
ad jlabus. In chemistry, the concepts of energe " 
e ds uf a ve been borne in mind throughout 


New syllabuses fo 


tomic structure ha 
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in an attempt to make the approach more logical than in the past. In 
addition, many modern topics have been introduced and out-dated ones 


omitted in order to make the early part of the work of value to the ordinary 
citizen. 


The teachers have responded enthusiastically. Refresher courses 
for teachers have been held and memoranda on specific topics are 
available (ref. circular 512, Scottish Education Department, to be 


purchased from H.M. Stationery Office, 13A, Castle St., Edinburgh 2). 
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Compiled by the staff of the Division of Science Teaching, Unesco, for this volume. 


THE RELATIONSHIP BETWEEN PHYSICS AND 
CHEMISTRY IN PRE-UNIVERSITY AND FIRST- 
YEAR COLLEGE SCIENCE COURSES. 


A closer integration between physics and chemistry teaching in 
schools as a preparation for university work or in first-year university 
classes is being sought in several parts of the world, notably Great 
Britain and USA. A Physical Science Committee recently set up by 
the Association for Science Education of Great Britain has produced 
an interim report "Physical Science as a Sixth Form Subject". 

The report suggests that in order to rationalize and broaden in scope 
the pre-university science curriculum a new subject "Physical Science" 
be devised. This would provide an opportunity for building up a course 
with a recognisable shape of its own in which the "physical" and 
"chemical" approaches would complement one another. A possible 

ion from fundamental ideas of force, 


shape would involve a progressi 
energy and electricity to a consideration of macroscopic and physical 


systems. The fundamental ideas might well include periodic motion 
and wave motion, a consideration of fields, and some work on A, C. 
theory and simple electronics. These basic concepts would be applied, 
not only in conventional situations, but also to atoms and molecules. 
Such a course. could be used to show how the methods and principles 

of scientific investigation are ‘used, and it could give opportunities 

for mathematical formulation and development of theories side-by-side 
with laboratory work, The course would have to be flexible and might 
include a common core of basic material and:a number of options. 

It would give ample opportunity for the discussion of technological and 
other applications and would also allow scope for "project" work. 


Various college and universities in usat have instituted joint 
Physics/ Chemistry courses for their first year students. . In an 
article, "Combining first year college chemistry and physics for 

3 


NENNEN 


* 
"Associat 


1 These include Beloit Coll 
Lawrence College, Reed Co 
Wabash College and Whitwort 


llege, the University of Southern Florida, 
h College. 


ion for Science Education Bulletin", September 1965, pp. 16-32. 


ege, Carleton College, Cornell College (Iowa), 
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students majoring in science! ", Dr. Edward C. Fuller, of Beloit 
College indicates that colleges which have instituted these courses 

have found advantages in them of both an educational and a practical 
nature. From an educational point of view, the integrated course 

can help students to understand the fundamental dependence of 

modern chemistry on physics, and students can also come to a 

deeper understanding of fundamental concepts such as kinetic-molecular 
theory by applying them to both chemical and physical systems, 
Practical advantages are numerous, Exposing students to both physics 
and chemistry in their first year of college.enables them to make a 
much better choice of major, and by eliminating overlap between 
physics and chemistry there can be a considerable saving of time. 


The combined course is especially valuable in the curriculum for 
preparing students to become. secondar 


y School science teachers, 
since they are often expected to teach 


both sciences. 


The courses vary from one institutio 
they are centred round studies of the st 


interactions with energy in the form of heat, electricity and 
electromagnetic radiation, Coherence may be given to the course 
through syntheses of ideas such as "Elements and Chemical Change" 
(composition, structure and energy), "Fields" (gravitational, electric, 
magnetic and nuclear) and "Thermodynamics" (statistical mechanics, 
heat, and kinetic theory). In some courses, the selection of a broad 
theme to be threaded through the course helps to focus students! 
attention on the scientific process. Such themes include 


a Model of the Universe" "Transformations of Matter and 
"Particles and Atomicity", 


n to another, but commonly 
ruature of matter and its 


"Developing 
Energy" and 


t "Experimental Curricula" in 


; Chemistry, Report of the Advisory 
Council on College Chemistry Conference 1963, pp. 19-28 
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Some other plans for joint Physics/ Chemistry courses include 
the follow ing :- 


1. A group in Portland, Oregon, USA, is at present studying 

the integration of PSCC Physics and CBA Chemistry into a combined 
two-year course. A group in U. K. is doing the same for PSSC and 
CHEM Study Chemistry. 


2. Various universities and technical colleges in the U, K. e.g. the 
universities of Sussex, Reading and Oxford, and Woolwich Polytechnic 
have instituted combined Physics/ Chemistry courses or courses in 


"Materials Science". 
M 


urse devised in New South Wales, Australi 


3. The integrated science co 
tegration between physics and chemistry 


has achieved a much closer in 
teaching than hitherto. 
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The following list of journals and periodicals includes both chemistry 
journals and publications of a more general educational and scientific 
nature which contain articles relevant to chemistry teaching. This 


is only a preliminary listing and information on other journals 
which chemistry teachers find valuable would be welcomed. 


ARGENTINA 

Anales de la Asociación Quimica Argentina. Asociación Quimica 
Argentina, Hipélito Yrigoyen 679, Buenos Aires. 

AUSTRALIA 

Australian journal of chemistry. Commonwealth Scientific and 


Industrial Research Organization, 314 Albert Street, East 
Melbourne C.2. 


The Australian science teachers’ journal. The Australian Science 


Teachers Association, Sydney Teachers’ College, Newtown, New 
South Wales. 


AUSTRIA 


Mitteilungen des Vereins zur Förderung des Physikalischen und 
Chemischen Unterrichts, Schelleingasse 39/10, Wien IV. 


BELGIUM 


Bulletin, Sociétés Chimiques Belges, 39 rue des Moutons, Louvain. 


BRAZIL 


Anais da Associação Brasileira de Química. 


Associaçäo Brasileira 
de Quimica, Caixa Postal 550, Rio de Janeir: 


o. 

BULGARIA 

Biologija i Himija. 
Drumev 37, Sofia. 


Ministerstvo na prosvetata i Kulturata, Ul. W, 
CANADA 


Canadian journal of chemistry. National Research Council, National 
Research Council, Ottawa 2. 
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JOURNALS AND PERIODICALS OF RELEVANCE 
TO CHEMISTRY TEACHERS 


CHILE 


Boletin de la Sociedad Chilena de Quimica. Sociedad Chilena de 
Química, Casilla 169, Concepción, 


FRANCE 


Bulletin de l'Union des Physiciens. 


L'Union des Physiciens, #4 
Bd. Saint-Michel, Paris-6¢, 


GHANA 
Ghana Association of Science Teachers bulletin. Ghana Association 


of Science Teachers, University College of Science Education, 
Cape Coast. 


HUNGARY 


A Kémia Tanitása. 


Müvelódésügyi Minisztérium, Szalay utca 10-14, 
Budapest V. 


INDIA 


Vigyan Shikshak. All-India Science Teachers’ Association, H. 2/3: 
Model Town, Delhi 9. 


ISRAEL 


Israel journal of chemistry. Weizmann Science Press of Israel, 
P.O. Box 801, Jerusalem. 


ITALY 


Chimica. Istituto Italiano di Storia della Chimica, Via Quintino 
Sella 2, Milan, 


JAPAN 
Nippon kagaku  zasshi. — No. 
Chiyoda-ku, Tokyo. 


Rika no kyóiku. Tôyôkan Shuppan-sha, 2-13 Kanda Awaji-chó. 
Chiyoda-ku, Tokyo. 


5, l-chome,  Surugadai-Kanda. 


MEXICO 


Boletín. del Instituto de Química. 


Universidad Autónoma de México, 
Mexico D.F. 


NEW ZEALAND 


New Zealand school science. Westlake High School, Auckland, N.2. 
PERU 
Boletín de la Sociedad Quimica del Perú. Casilla 891, Lima. 


PHILIPPINES è 


Science bulletin. Science Foundation of the Philippines, 1580 Taft 
Avenue, Corner Herran, Manila. 


POLAND 


Pa chemiczny. Zuravia 6/12, Warszawa. 
emia w szkole. Plac Dabrowskiego 8, Warszawa. 
ROMANIA 


M 
Revue Roumaine de chimie. Academiei R.P.R., Str. Gutenburg 3 bis, 
Bucuresti. 


5 ve es tehnica, Comitetul Central al Uniunii Teneretubui Muncitor 
Si Societatia pentru Raspindirea Stingei si Culturii, Piața Scinteii 1, 
Bucureşti. 


SPAIN 


- Sociedad Española de Física y Química. Anales serie B : 
uimica. Facultad de Ciencias, Ciudad Universitaria, Madrid 3. 


SWEDEN 


Sv r = 
ae tidskrift. Farlag Svenska Kemist samfundet, 


SWITZERLAND 


Chimi 
‘mia. H, R, Sauerlander & Co., Larwenzenworstadt 89, Aarau. 
TANZANIA 


ST. 4 
ART journal. Science Teachers 


St. And Association of Tanzania, 
i , me 1 s 
ndrew’s College, Minaki, Tanzania. 


UGANDA 
Science teachers’ journal. The Uganda Science Teachers’ Association, 


P.O. Box 262, Kampala. 


UNION OF SOVIET SOCIALIST REPUBLICS 


Himija v Škole. Metodičeskij Žurnal. Ministerstvo Prosveščenija 
R.S.F.S.R., 3 proezd Mar'inoj Rošči, 41, Moskva. 


UNITED ARAB REPUBLIC 

Majallat al-Ulüm al-Hadithah. Rābițat Mudarrisi al-Ulüm bil- 
Jumhüriyah al-‘Arabiyah al Muttahida, Taftish al-Ulum, Mabna 
al-Mujamma, Maydan al-Tabrir, Cairo. 


UNITED KINGDOM OF GREAT BRITAIN AND NORTHERN IRELAND 


The school science review. Association for Science Education, 52 


Bateman Street, Cambridge. 
Education in chemistry. Royal Institute of Chemistry, 30 Russell 


Square, London, W.C.1. 
The science teacher. Junior Club Publications Ltd., 60 Paddington 


Street, London, W.1. 


UNITED STATES OF AMERICA 


Division of Chemical Education 


Journal of chemical education. 
Wooster, 


of the American Chemical Society, College of Wooster, 


Ohio. 
Chemistry. American Chemical Society, Earlham College, Richmond, 


Indiana. 
Chemical and engineering news. American Chemical Society, 1155 


Sixteenth Street N.W., Washington, D.C. 20036. 


VENEZUELA 
Revista de la Sociedad Venezolana de Quimica. Socied 
de Quimica, Apartado 3895, Caracas. 


ad Venezolana 
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